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Summary 
The discovery of Terra Preta soils and the identification of charcoal as an essential 
component therein initiated an ever-growing research field. Since then, many experiments 
on the production and application of carbonized plant material (biochar or hydrochar) to 
soil have been carried out. However, the integration of biochar/hydrochar into soil 
management systems requires comprehensive analyses to identify and evaluate possible 
risks and opportunities involved with biochar/hydrochar application. This thesis provides 
results on the influence of Miscanthus × giganteus feedstock, hydrochar and biochar 
application on the greenhouse gas balance, plant growth and nutrient status of an 
extensively managed grassland ecosystem in comparison with an unamended control. The 
results provide information on the recalcitrance of the carbon amendments against 
degradation under field conditions. The comprehensive field study was complemented by 
a greenhouse based plant growth experiment and additional incubation experiments. One 
of the incubation experiments focused especially on the degradation of the carbon 
amendments under simulated weather conditions fostering their break down and 
mineralization. The data gathered in the period of 2011-2014 show an increasingly 
recalcitrant behavior of the carbon amendments against degradation along their degree of 
carbonization. As a consequence, both N2O and CO2 losses from the hydrochar and 
biochar amended soil in the field and in incubation were significantly reduced as 
compared to the soils amended with uncarbonized feedstock material. Biochar even 
reduced the CO2 emissions below the control treatment, leading to a significant soil 
organic carbon increase. The reduction in emissions could not be attributed to a 
decreasing abundance or activity of soil microorganisms; rather, the results suggested an 
interaction between biochar and soil- or plant-derived carbon compounds. Over a period 
of two years, none of the carbon amendments impaired plant growth or reduced the plant 
nutrient concentrations and nutrient removal. Biochar increased plant growth in a pot 
experiment in the greenhouse, while hydrochar induced short-term yield decreases in the 
field. The results suggest that especially and only biochar is suited for long term soil 
carbon sequestration without negatively affecting the soils’ greenhouse gas balance or 
plant growth and plant nutrient concentrations. 
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Zusammenfassung 
Die Entdeckung und Bestimmung von schwarzen, nährstoffreichen Terra Preta de Indio-
Böden im Amazonasgebiet in den 80er Jahren, deren Fruchtbarkeit unter anderem auf 
Holzkohleanteile von bis zu 20 % zurückgeführt war der Auslöser für ein dynamisches 
Forschungsfeld. Dieses hat zum Ziel, den Einsatz von verkohltem Pflanzenmaterial als 
Bodenzusatz zu prüfen und zu bewerten. Die vorliegende Arbeit setzt an diesem Punkt 
an. Sie widmet sich vor allem den möglichen Risiken des Einsatzes verschiedener 
Biokohlen aus Miscanthus × giganteus-Ernteresten (hydrothermal karbonisiertes, 
halbverkohltes Material=hydrochar und pyrolysiertes, nahezu vollständig verkohltes 
Material=biochar) im Vergleich zu unverkohltem Ausgangsmaterial (Miscanthus-
Stroh=feedstock) und einer Kontrolle ohne Kohlenstoff-Applikation. Dazu wurde im 
April 2011 ein Feldversuch in einem extensiv bewirtschafteten Grasland-Ökosystem 
angelegt. Zusätzlich durchgeführte Labor- und Gewächshausversuche ermöglichten 
zudem einen Einblick in das Abbauverhalten verschiedener Kohlen unter dem Einfluss 
forcierter Verwitterung z.B. anhand simulierter Wettereinflüsse. Die Ergebnisse der von 
2011 bis 2014 erhobenen Daten zeigen eine eindeutige Erhöhung der Abbaustabilität von 
organischem Material mit dem Grad der Karbonisierung. So konnten die hohen CO2- und 
Lachgasemissionen, die beim Abbau von unverkohltem, strohartigem Feedstock-Material 
im Freiland und im Labor zu beobachten waren, durch die Karbonisierung signifikant 
verringert werden. Vor allem die nahezu vollständige Karbonisierung (biochar) führte 
sowohl im Freiland als auch im Labor zu einer Verringerung der bodenbürtigen CO2-
Emissionen und zu einem signifikanten Kohlenstoff-Aufbau des Bodens, im Vergleich 
zur Kontrolle ohne Kohlenstoff-Applikation. Da der Kohlenstoff-Aufbau nicht mit einer 
Reduzierung des Bodenlebens erklärt werden konnte, erscheint eine Interaktion der 
biochar mit z.B. pflanzen- oder bodenbürtigen Kohlenstoffverbindungen wahrscheinlich.  
Keines der eingesetzten Materialien führte langfristig zu  einer Verringerung des 
Pflanzenwachstums, der Pflanzengesundheit und der Qualität (Nährstoffgehalt) des 
Ernteguts. Biochar führte sogar zu einer Steigerung des Pflanzenwachstums in einem 
Kurzzeit-Topfexperiment, während nach Aufbringen von hydrochar mit geringem 
Inkohlungsgrad kurzfristige Ertragseinbußen im Feld zu beobachten waren. Die 
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Ergebnisse legen nahe, dass nur biochar langfristig Kohlenstoff im Boden festlegen kann, 
ohne das Pflanzenwachstum zu beeinträchtigen. Die Treibhausgasbilanz des Bodens 
konnte durch den Biokohleeinsatz sowohl in den Inkubationsexperimenten als auch im 
Feld verbessert werden.  
  
Chapter 1: Synopsis  
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1 Synopsis 
1.1 Introduction 
Carbonization or charring of plant material and subsequent soil amendment with the aim to 
improve soil fertility has been common agricultural practice in Europe and USA since the 
19
th
 century and is still applied in rural areas across India or Japan (Lehmann and Joseph, 
2009; Ogawa and Okimori, 2010; Olarieta et al., 2011). However, only the discovery of 
ancient Terra Preta soils led to renewed considerable scientific as well as public attention 
to the soil application of charcoal (Scheub, 2013; Chia et al., 2014). Terra Preta, a tropical 
anthropogenic soil, owes its exceptional fertility inter alia to high amounts of charcoal 
(Glaser et al., 2002). Likewise, the deliberate admixture of charred plant material to soil 
(biochar), aims at generating environmental benefits. Biochar is produced by heating dry 
biomass in an oxygen-limited atmosphere to temperatures of below 700 °C (Lehmann and 
Joseph, 2009). Creating biochar as a tool for climate change mitigation, sequestering 
carbon in soils, equally reducing greenhouse gas emissions from soils and/or improving 
soil fertility and plant growth is an attractive but not yet fully mastered challenge (Sohi et 
al., 2010; Gurwick et al., 2013; Lorenz and Lal, 2014; Mukherjee and Lal, 2014). The 
diversity of biochar production processes as well as the variety of suitable feedstock 
materials results in products that are not easy to classify. Efforts to provide a reliable 
biochar product have resulted in guidelines for the production of biochar and furthermore 
an US American (IBI certified biochar) and a European biochar Certificate (EBC). Both 
the guidelines for biochar production and the requirements for the Certificates are based on 
the scientific knowledge obtained so far (Montanarella and Lugato, 2013). Biochar therein 
is defined by its carbon (C) content, the elemental ratios of hydrogen:carbon and 
oxygen:carbon (H/C-O/C) and low heavy metal/polycyclic aromatic hydrocarbon/ 
polychlorinated biphenyl contents of the biochars, to guarantee ecotoxicological safety. 
These guidelines are voluntary and not legally binding. Biochar application to soil in 
Europe has to comply with EU and national legislation, mainly the fertilization act as well 
as the soil protection act. Up until now, only charcoal (=biochar from wooden feedstock) is 
allowed as soil amendment within the EU fertilization act, and a legislative initiative may 
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become necessary to include other feedstock for biochar production and soil application 
(Möller, 2014).  To protect soils from the addition of potentially toxic substances such as 
polycyclic aromatic hydrocarbon compounds (PAH) or dioxins, all soil amendments have 
to comply with national soil protection acts such as the “Bundesbodenschutzgesetz” 
(BBodSchG) in Germany. The voluntary EBC and IBI Certificates meet these 
requirements by ensuring that a non-toxic biochar is (sustainably, EBC) produced, traded 
and used. 
Legislation for horticulture and potted plants differs from agricultural legislation and might 
therefore offer other possibilities to use e.g. biochar substrates (biochar in mixture with 
other materials such as compost) or hydrochar, (material from wet pyrolysis, yielding a 
peat-like substrate) as potting substrate (Meinken, 2014). Hydrochar, a product from 
hydrothermal carbonization, became popular especially in Germany, with the rediscovery 
of a hydrothermal transformation process described and patented in the 19
th
 century, 
converting biomass into a material similar to brown coal or lignite coal (Titirici et al., 
2007). Hydrothermal carbonization is suitable to process wet feedstock and thus offers 
possibilities to upcycle biomass waste with a high water content (biowaste, agricultural 
residues) to useful products in a very energy-efficient way (Schimmelpfennig and Glaser, 
2012; Berge et al., 2013; Yan et al., 2014). In any case, prior to all usage, an understanding 
of the parameters shaping the end product of carbonization are essential for creation of the 
best possible biochar or hydrochar for a specific application as well as to prevent adverse 
effects. Besides the different production processes, feedstock and even more so 
temperature during the production process have been identified as the most influencing 
factors on biochar as well as hydrochar properties (Cao et al., 2013; Angin and Sensoz, 
2014; Sun et al., 2014b; Yan et al., 2014). A biochar/hydrochar product suitable for soil 
amendment, should comply with the earlier mentioned certificates and legislations. Also, 
high carbon yields, preferably produced with the highest possible energy efficiency, a high 
(aromatic) carbon content and low amount of toxic compounds are among the most desired 
features. 
For biochar, micropore area, pH, the amount of aromatic carbon compounds and ash 
content generally increase with the pyrolysis temperature, with total surface area likely 
peaking at around 600 °C, slightly varying with the feedstock type (Schimmelpfennig and 
Glaser, 2012; Budai et al., 2014; Rehrah et al., 2014; Xiao et al., 2014; Yan et al., 2014). 
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Variations due to feedstock material are likely explained by the different carbonization 
behavior of the molecular compounds of the biomass, as e.g. polysaccharide components 
start to pyrolyze at 200-400 °C while lignin pyrolyzes at temperatures between 300 and 
700°C (Cao et al., 2014).   
During hydrothermal carbonization, the process temperature was found to be of more 
influence on hydrochar properties than the feedstock. Highest carbon yields and amounts 
of aromatic compounds were found at temperatures around 230 °C (Gao et al., 2013; 
Wiedner et al., 2013). 
Indicators such as elemental ratios (H/Corg, O/C) and volatile matter contents are suitable 
indicators for the processes dehydrogenation, decarboxylation and demethylation and thus, 
the carbonization grade of differently charred products (Schimmelpfennig and Glaser, 
2012; Budai et al., 2014). However, the same indicators did not correlate with properties 
such as cation exchange capacity or the surface area of charred products and thus, the 
prediction of the agronomic performance of charred products remains challenging (Budai 
et al., 2014). 
For heavy metal concentrations in both biochar and hydrochar, the feedstock was of major 
influence (Luo et al., 2014). Heavy metals were found to be of major concern for biochar 
from some sewage sludge, depending on the region of collection, or for biochar from 
contaminated feedstock such as waste wood treated with preservatives or tannery waste 
(Chan and Xu, 2009; Jones and Quilliam, 2014; Song et al., 2014; Van Wesenbeeck et al., 
2014). Hydrothermal carbonization of plant material and sewage sludge either reduced the 
heavy metal content in the hydrochars or lowered their bioavailability as compared to the 
feedstock material (Reza et al., 2013; Zhang et al., 2014a). Contrarily to being a source of 
heavy metals, biochar and hydrochar may also act as absorbents for heavy metals or other 
(soil) contaminants such as pesticide residues, depending on the presence of functional 
(carboxyl) groups on the biochar/hydrochar surface, their pH and polarity (Xue et al., 
2012; Houben et al., 2013; Elaigwu et al., 2014; Uchimiya, 2014). The environmental risk 
of polycyclic aromatic hydrocarbons (PAH) and dioxin contamination due to hydrochar 
amendment is low, since the low temperatures during production do not promote their 
formation (Wiedner et al., 2013). Biochar produced from woody feedstock, especially by 
gasification technologies harbors the risk of tar volatilization and PAH generation during 
the heating phase and condensation during the cooling phase. Therefore, the heating and 
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cooling phases should be spatially separated in the reactor (Schimmelpfennig and Glaser, 
2012; Wiedner et al., 2013). In any case, the use of non-toxic feedstock is the first of all 
precautionary measures for the production of an environmentally safe hydrochar/biochar 
product (IBI, 2014; Luo et al., 2014). 
The agricultural benefits of biochar, such as a liming effect or improved water and nutrient 
retention are reportedly most effective in soils from subtropical or tropical regions. 
However, biochar could be favorable for temperate soils in terms of improving soil 
physical properties or fertility or simply could be “stored” by soil sequestration, increasing 
soil organic carbon (Downie et al., 2011; Lorenz and Lal, 2014). Temperate soils are 
defined by the climate of temperate regions, with mean annual temperatures between -3°C 
and 18 °C (Kottek et al., 2006). It is only recently, that several hydrochar/biochar field 
experiments have been installed in temperate regions, including temperate forest, 
agricultural soils and grassland (Karhu et al., 2011; Hammond et al., 2013; Domene et al., 
2014; Felber et al., 2014; Schimmelpfennig et al., 2014; Singh et al., 2014; Sun et al., 
2014c).  
 
The Giessen Biochar Field Experiment is thereby among the first to elucidate the 
performance of differently carbonized material in comparison to uncarbonized feedstock 
Figure 1-1: Study site as viewed from above. The red rectangles highlight the four blocks of the biochar 
experiment, picture taken from google maps (https://www.google.de/maps; last access: 07.01.2015). 
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and a control (no carbon amendment) in undisturbed temperate grassland under slurry 
fertilization (Schimmelpfennig et al., 2014).  
1.2 General objectives and study site 
The Giessen Biochar Field study was initiated in April 2011 at an experimental grassland 
site of the Justus-Liebig-University Giessen, located in Linden, Germany (50°32´N and 
8°41.3´E, Figure 1-1) (Jäger et al., 2003). The grassland site has been managed extensively 
for decades. In the area of the biochar plots, before the installation of the experiment, the 
grassland has been cut every time the height reached 10-15 cm and has not been fertilized 
since 1993. 
In the experiment, the environmental performance of three different carbon amendments 
produced from Miscanthus × giganteus (feedstock, hydrochar and biochar) was compared 
to an unamended control (only grassland). The experiment was designed as a fully 
randomized fourfactorial block design, where four treatments (control/feedstock/hydrochar 
and biochar) were arranged randomly in each block. One block consisted of four 4x4 m 
sized plots, resulting in one treatment plot per block. The pure, uncharred Miscanthus chaff 
(feedstock) was included as a treatment to enable a direct comparison of the degradation 
and performance of the uncharred and the charred material (hydrochar and biochar, Figure 
1-2 c) (Lehmann et al., 2015). The Miscanthus chaff was provided by the agricultural 
centre Eichhof, Bad Hersfeld, Germany, where the field grown, senescent Miscanthus 
biomass had been harvested in winter 2009, when all aboveground plant material had 
receded. Hydrothermal carbonization of the chaff was carried out by the company Revatec, 
Geeste, Germany, at that time Hydrocarb GmbH, Ohmes, Germany. The feedstock was 
kept in a water vapor atmosphere for 2 hours at a temperature of 200 ± 3 °C under a 
pressure of 1.6 MPa and was air dried after the process. The biochar was produced by the 
company Pyreg GmbH, Bingen, Germany, using a pyrolysis unit fitted with a continuous 
flow reactor at temperatures of 550-600 °C and mean residence times of the material in the 
reactor of 15 min. All materials were ground to <10 mm before use in the field and 
laboratory experiments (SM 300, Retsch GmbH, Haan, Germany). 
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Figure 1-2: Initiation of the biochar experiment, showing the greenhouse gas measurement plots (one per plot, 
Figure 2a and b) the four treatment plots (control, feedstock, hydrochar and biochar) per block (Figure 2c), 
hydrochar amended plot with ongoing GHG measurement (Figure 2d) and the mixture of slurry with feedstock 
material (Miscanthus × giganteus, Figure 2e). Source: Christoph von Bredow, 2011, with permission. 
 
 
The carbon amendments were applied on the basis of their C content, resulting in 
application amounts of 16 t ha
-1
 feedstock, 14.5 t ha
-1
 hydrochar and 9.3 t ha
 -1
 biochar. 
With the deliberate choice of Miscanthus × giganteus, a C4 plant naturally enriched in 
13
C, 
it was intended to ensure that differentiation of the specific carbon sources (soil/carbon 
amendment) in the soil and soil derived CO2 is possible. To prevent substrate loss by wind 
erosion during application, as seen in other field studies (Major and Husk, 2010), and to 
promote positive side effects by potential binding of slurry nutrients to the carbon 
amendments, they were mixed with liquid pig slurry before application (Figure 1-2 e). Pig 
slurry was subsequently applied regularly in spring and autumn of each year, as to simulate 
common agricultural fertilization practice. Two supplemental incubation studies and an 
appending growth experiment in the greenhouse were carried out in parallel to the field 
study. These additional studies were conducted to test the performance of the carbon 
amendments under controlled environmental conditions in different soils (Chapter 2 and 
5).  
With this work, we aimed at elucidating the role of hydrochar and biochar in a semi natural 
grassland ecosystem with the focus on its degradation, effects on soil properties, plant 
growth and nutrient status as well as the ecosystem´s greenhouse gas (GHG) balance. It 
was hypothesized that the carbon amendments would degrade in the sequence of their 
carbonization grade: feedstock > hydrochar > biochar and that degradation would be 
measurable in the ecosystem respiration (CO2 emissions, Chapter 2) (Qayyum et al., 2012). 
Moreover, the hypothesis was tested if feedstock and hydrochar would lead to nitrogen 
immobilization and hence limitation, and therefore reduce plant growth (Gajić and Koch, 
2012). Furthermore it was assumed that biochar would rather have positive effects on the 
plant nutrient status, reversibly binding nutrients from slurry on the biochar surface, 
thereby preventing nutrient loss via leaching or degassing (Chapter 3) (Taghizadeh-Toosi 
a b c d e 
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et al., 2011a). With regard to the effect of carbon amendments on soil microorganisms, it 
was postulated that biochar would increase the abundance of both fungi and bacteria by 
providing a suitable habitat due to its porous nature (Thies and Rillig, 2009), that 
hydrochar would promote fungal growth due to its low pH (Abel et al., 2013) and that both 
feedstock and hydrochar would support the growth of all microorganisms due to provision 
of a rather labile C-source (Chapter 4 and 5) (Bamminger et al., 2014a). Additionally, the 
assumption that the degradation of carbon amendments and the GHG emissions following 
soil application could be related to their structural properties was investigated (Chapter 5) 
(Schimmelpfennig and Glaser, 2012; Budai et al., 2014; Schimmelpfennig et al., 2014).  
The results obtained from both the field and the incubation studies are presented in context 
of the available literature. The methods of analysis are provided in the single Chapters. 
1.3 Effects of biochar/hydrochar on soil properties 
1.1.1 Soil chemistry 
Soil properties have considerable influence on the GHG balance of an ecosystem and 
microbial abundance and activity in soils. They are therefore important background 
parameters and indicators for changes. Intrinsic nutrient contents as well as the pH and the 
liming potential of biochar/hydrochar materials are among the most dominant chemical 
properties influencing the properties of the amended soil. Biochar is mostly alkaline, 
especially if produced at temperatures >350 °C, whereas hydrochar mostly exhibits acidic 
pH values, as a consequence of decarboxylation and dehydration during the production 
process (He et al., 2013; Parshetti et al., 2013; Novak et al., 2014). Biochar often led to a 
significant increase of the soil´s pH, both in field and laboratory, or greenhouse based 
studies. Most distinct changes were found for biochar application rates > 30t ha
-1
, likely 
depending on the buffer capacity of the soil used (Kloss et al., 2014a; Kloss et al., 2014b; 
Rogovska et al., 2014; Soinne et al., 2014). However, also the management of the site of 
biochar application or the experimental setup in the laboratory matters, as pH changes are 
most apparent if the biochar is mixed into soil (Rogovska et al., 2014; Schimmelpfennig et 
al., 2014). Concomitantly, in the Giessen Biochar field experiment, no pH changes have 
been observed during the three years following the top-dressing of biochar and hydrochar 
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onto the grassland surface (Chapter 2). In the upper 2 cm however, there was a strong 
tendency (p < 0.055) towards a higher pH in the biochar plots, assumedly triggering short-
lived, high CH4 and NH3 emission peaks directly after slurry amendment (see Sections 
1.5.3 and 1.5.4). In the incubation experiments, where the carbon amendments were mixed 
into the soil, biochar did initially increase the soil pH; however the changes leveled out 
through the experimental period of one year (Chapter 5). 
1.3.1 Soil physics 
Physical soil parameters such as bulk density and water holding capacity (field capacity), 
pore volume and pore distribution are key factors to soil fertility and plant growth and can 
be altered significantly by biochar and hydrochar amendment (Mukherjee and Lal, 2013). 
Biochar  s usually large surface area can lead to an increase in total soil-surface area with 
positive effects on soil water- and nutrient-retention (Laird et al., 2010b; Manyà, 2012). 
Especially pores in the size of >0.2 µm on the inner biochar surface may host and retain 
plant available water and therefore increase the field capacity of the amended soil, 
resulting in a higher resilience of a soil against drought (Kammann and Graber, 2015). 
Indeed, biochar has been found to improve water retention in sandy soil while improving 
drainage of clayey soil, by water movement through biochar pores or creation of interstitial 
biochar-soil space (Barnes et al., 2014). However, blocking of pores by particulate soil 
organic matter may sometimes overlay these benefits (Prost et al., 2013). Reductions in the 
bulk density of soil following biochar amendment have been shown to be most distinctive 
in loamy or clayey soil, prone to soil compaction (Laird et al., 2010b), with positive effects 
on the resilience of vineyards to drought (Baronti et al., 2014). In the Giessen biochar field 
study, bulk density, water holding capacity and soil aggregate formation two years from 
biochar/hydrochar application remained unchanged most likely because integration into the 
soil matrix was low due to top-dressing (Figure 1-3)(Rex et al. (2015) Chapter 4, 
Schimmelpfennig et al., in preparation).  
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The surface area of hydrochar is with 8-25 m
-2
 g
-1
 generally rather low (Schimmelpfennig 
and Glaser, 2012; Kalderis et al., 2014). Nonetheless, Kammann et al. (2012) reported 
increases in soil water holding capacity following hydrochar soil amendment, compared to 
an unamended control. This can likely be ascribed to the presence of small-sized pores in 
the hydrochar mainly in the size of <10 µm (Abel et al., 2013; Conte et al., 2014). 
Approvingly, a decreased bulk density and an increased available water capacity (the 
amount of water held by a soil between field capacity, pF 1.8 and the permanent wilting 
point, pF 4.2) has been reported for hydrochar amended sandy soil low in organic matter, 
both in incubation and field studies with best results for hydrochar application amounts of 
2.5 wt%. Furthermore, hydrochar improved the water repellency of the same soil indirectly 
via the colonization with fungi, (Abel et al., 2013). In the Giessen incubation experiments, 
all carbon amendments (feedstock, two hydrochars and biochar) increased the water 
holding capacity of both a sandy and a loamy soil. These results are promising; however, 
they still have to be confirmed by the ongoing Giessen field experiment in the future. 
Figure 1-3: Soil core from a biochar plot. Personal photograph by author. October 2012. 
The black particles show the biochar incorporation into the root zone of the grassland 
vegetation, as highlighted by the arrow 
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1.1.2 Soil biology 
Soil provides a habitat for millions of microorganisms, mostly in the upper soil horizons. 
Biochar and hydrochar application can affect the habitat conditions for microorganisms 
directly by provision of living space inside the biochar pores or indirectly by altering the 
pH, supply of nutrients or inhibitory effects (Thies and Rillig, 2009). The majority of 
biochar pores were found to be in the macropore range, with a pore diameter ranging from 
0.1-1000 µm, which includes pore sizes hosting plant available water (> 0.2 µm) as well as 
fungal hyphae or bacteria (2-10 µm, Figure 1-4) (Warnock et al., 2007; Brewer et al., 
2014; Kammann and Graber, 2015).  
 
 
Figure 1-4: Inner surface of a biochar (left) and hydrochar (right) particle, potential habitats for soil 
microorganisms. Scale is indicated by bars (Figure 4a: 1 µm, Figure 4b: 10 µm). Scanning electron microscopic 
pictures taken by author. December 2011. 
 
The promotion of habitat space for microorganisms by biochar has been reported by 
several authors, with deliberate inoculation in the laboratory, or incubation in the mix with 
microbial active soil or compost resulting in quicker colonization of the biochar pores 
compared to field studies (Pietikäinen et al., 2000; Quilliam et al., 2013; Hammer et al., 
2014; Jaafar et al., 2014). Even after three years in the field, the internal and external 
surfaces of biochar particles were only little colonized by microorganisms (Quilliam et al., 
2013). The authors assume that sorption of nutrients to the biochar surface limited their 
bioavailability and thus impaired the growth of microorganisms.  
The effects of biochar on arbuscular mycorrhizal fungi (AMF) also differ depending on 
experimental duration and integration of biochar into the soil matrix. In the short term, 
a b 
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biochar reportedly led to lower or equal AMF abundance in soil, whereas in the long term, 
AMF colonization of the soil increased in the presence of biochar, compared to unamended 
control soil (Warnock et al., 2007; Warnock et al., 2010). 
Regardless of the provision of habitat space, biochar amendment to soil often led to short-
term increases of microbial activity, sometimes accompanied by a microbial community 
shift (Bamminger et al., 2014b; Watzinger et al., 2014). Labile carbon compounds on the 
biochar surface remaining from the production process, may promote microorganisms 
adapted to degrade such biochar components, especially gram positive bacteria (Ameloot 
et al., 2013b; Bamminger et al., 2014b). In the long term, biochar is assumed to be 
recalcitrant against microbial decay; however experimental proof is still scarce and mostly 
based on the extrapolation of results from incubation studies (Kuzyakov et al., 2009; 
Kuzyakov et al., 2014; Zhang et al., 2014c). Long-term shifts in the microbial community 
composition may not be similar to short term changes following biochar admixture to soil.  
In the Giessen biochar field study, 1.5 years from initiation, biochar treatments exhibited 
higher total microbial biomass, with the promotion of fungi being the most prominent 
difference (Rex et al. (2015), Chapter 4). Also Zhang et al. (2014c) reported a significantly 
increased soil microbial biomass from a four-year-old field study where biochar had been 
applied to a coarse-textured, agriculturally managed soil. This result was corroborated by 
Domene et al. (2014), who also observed a biochar-induced increase of soil microbial 
biomass after 4 years from application, most likely by indirect effects such as increased 
soil moisture and pH. However, in contrast to the Giessen field trial, a change in microbial 
community composition had not been observed in their studies.  
Hydrochar is likely not as recalcitrant to microbial degradation, due to its structure and 
chemical composition (Schimmelpfennig and Glaser, 2012; Eibisch et al., 2013). 
Approvingly, hydrochar is composed of mostly labile carbon compounds, readily available 
for assimilation by microorganisms, especially if nitrogen is not a limiting factor (Gajić 
and Koch, 2012; Bargmann et al., 2014a). Hydrochar led to a microbial community shift in 
the Giessen field study 1.5 years after initiation, with higher relative fractions of both fungi 
and bacteria compared to the control treatment, whereas the total microbial biomass 
remained unchanged. This points to the development of a specific microbial community, 
adapted to the degradation of hydrochar (Rex et al. (2015), Chapter 4). In the incubation 
study, the same hydrochar in the same soil increased the growth of all microorganism 
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groups and especially fungi, following the addition of glucose, highlighting the 
bioavailability of hydrochar material. Also Steinbeiss et al. (2009) report a promotion of 
different microbial groups by different hydrochars. In their study, yeast-derived hydrochar 
promoted fungi, while glucose-derived hydrochar was mostly metabolized by bacteria. 
Other studies report positive effects of hydrochar on growth, root colonization and spore 
germination of mycorrhizal fungi (Rillig et al., 2010; Salem et al., 2013a) as well as on the 
activity and abundance of total SMB (Bargmann et al., 2014a). Nonetheless, also 
detrimental effects of hydrochar on mycorrhiza have been reported. These effects have 
been found to relate with the occurrence of toxic compounds, mostly present in the water 
soluble carbon fraction of hydrochar (George et al., 2012). Contrarily, collembola ingested 
and digested unwashed hydrochar without being negatively affected, likely even gaining 
nutritional benefits from it (Salem et al., 2013b).  
Neither hydrochar nor biochar application induced any adverse effects on the soil 
microbial biomass in both the Giessen incubation and field studies. However, while an 
increased microbial biomass was accompanied by a higher degradation of the hydrochar 
material in the unvegetated incubation study (Chapter 5), a higher microbial biomass in the 
biochar treatments did not involve biochar degradation. Contrariwise, the biochar plots 
emitted less CO2, as compared to the control in the field trial (see Section 1.5.1), while the 
metabolic efficiency of the microorganisms was unaffected and similar to the control. This 
points to interactions e.g. sorption of plant root exudates or labile soil organic carbon, that 
need further investigation. Taken together, biochar increased SMB, especially fungi, in the 
field, while we observed no changes in the incubation experiment. Hydrochar led to a 
community shift in the field and increased total SMB during incubation with the same soil, 
following the addition of glucose. 
1.4 Effects of biochar/hydrochar on plant growth and nutrient 
concentrations  
Two recent meta-analyses revealed an overall 10-12 % increase in plant and crop 
productivity due to biochar addition to soil with the most positive results for soils with a 
coarse texture and neutral to acidic pH (Jeffery et al., 2011; Biederman and Harpole, 
2013). This is consistent with other findings, indicating that biochar has the most positive 
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effects on plant yield in soils exhibiting a low cation exchange capacity, low carbon 
content and low pH (Crane-Droesch et al., 2013). However, most results are based on 
studies conducted in the greenhouse. Results on the effects of biochar and even more so 
hydrochar on plant growth and nutrient status in temperate soils, especially from field 
experiments, are still scarce. 
Within the Giessen field trial on fertilized grassland, biochar had no effect on biomass 
yield, supposedly because of the “slow” downward migration and bioturbation of the top-
dressed biochar (Chapter 2, Schimmelpfennig et al. (2014)). Concomitantly, in a 
greenhouse based pot experiment, biochar increased the biomass of Lolium perenne plants 
significantly when it was mixed into the soil and pre-incubated with pig slurry before 
sowing (Chapter 2). Slow bioturbation, especially in extensively managed soils, may delay 
some interactions of biochar and the plant-soil matrix, such as the bioavailability of 
nutrients contained in or sorbed to the biochar (Rajkovich et al., 2012; Gueerena et al., 
2013). Other authors reported that specifically maize did not respond to biochar application 
on intrinsically fertile temperate soil after one year and during four years from biochar 
application with and without fertilization (Jones et al., 2012; Gueerena et al., 2013; 
Borchard et al., 2014a). The authors assume that maize as a deep rooting crop did not 
benefit from e.g. improved water retention or decreased bulk density in the upper, biochar 
amended soil layer. Conversely, biochar increased the dry matter and N-content of grass 
linearly with a biochar application rate of up to 50 t ha
-1
 in a field study on sandy clay loam 
soil two and three years from application (Jones et al., 2012). The authors ascribe this effect 
to sorption of residual herbicides in the soil onto the biochar surface, as hydrological 
explanations seemed unlikely due to the soils´ good intrinsic water holding capacity. 
Concomitantly, sorption of allelochemical compounds of plant residues onto biochar likely 
improved grain yield of maize in a field study on Mollisol (Rogovska et al., 2014). 
Furthermore, biochar, especially if produced from Miscanthus or corn digestate at high 
temperatures (750 °C), decreased the bioavailability of isoproturon (an herbicide) in 
Cambisol. This effect was likely caused by physical adsorption of the herbicide within the 
nanopores of the biochars (Eibisch et al., 2015). 
On a Mediterranean silty loam soil, biochar increased the yield of durum wheat during two 
consecutive years after biochar application both with application rates of 30 and 60 t ha
-1
, 
likely due to increasing the pH of the slightly acidic soil and soil temperature during the 
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seed germination period of the experiment (Vaccari et al., 2011). A meta-study of biochar 
field application across the UK with different soils and crops revealed diverse results with 
mostly no effects on crop yield compared to unamended controls, however also very large 
significant yield increases (+116 %, Spring barley) and yield deficits (- 8.23 %, Spinach) 
have been reported (Hammond et al., 2013). Biochar had positive effects on the available 
soil water content in a Mediterranean vineyard field experiment, reducing the drought 
stress of Vitis vinifera in the whole experimental period of two years. However, biochar 
had mostly neutral effects on vine growth and health as well as grape quality in a vineyard 
field experiment in Switzerland over an experimental period of three years (Schmidt et al., 
2014). During early stages of plant growth, especially during germination, biochar 
application also had negative effects, partially inhibiting germination, particularly if the 
seeds were exposed to the pure material (Borchard et al., 2014a; Buss and Masek, 2014). 
Experiments with contaminated biochar revealed that re-condensated vapors from a 
miscarried pyrolysis or from wood gasification (likely phenolic compounds) may be the 
underlying cause of plant growth or germination reductions following biochar exposure, 
highlighting the importance for a controlled, clean pyrolysis process for biochar production 
(Buss and Masek, 2014). More indirect biochar induced effects on plant growth include 
changes in the soils’ enzyme activity, build-up of soil organic N (improving fertilizer 
efficiency), provision of nutrients contained in the biochar or positive effects on soil 
biology (Rajkovich et al., 2012; Du et al., 2014; Prommer et al., 2014). 
While short- and long-term negative impacts of biochar on plants are rather the exception 
than the rule, for hydrochar, most of the available studies report negative (short term) 
results on seedling germination and plant growth both in incubation studies and in the field 
(Busch et al., 2012; Gajić and Koch, 2012; Busch et al., 2013; Jandl et al., 2013; 
Bargmann et al., 2014b; Wagner and Kaupenjohann, 2014). Toxic compounds from the 
production process, of which some can be volatile, are more likely to remain on the 
hydrochar compared to biochar, where volatiles mostly evaporate. Such components were 
found to be responsible for germination reductions following seedling exposure to 
hydrochar (Bargmann et al., 2013; Jandl et al., 2013). However, the carbonization 
conditions, especially the process duration and the feedstock may determine the degree of 
the toxicity, as not all hydrochars exhibited negative effects on germination (Jandl et al., 
2013; Sun et al., 2014b). In the field and in pot experiments, plant growth reductions 
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following hydrochar amendment were ascribed to N-limitation of the plants due to 
microbial or physical N-immobilization (Gajić and Koch, 2012; Bargmann et al., 2014c; 
Borchard et al., 2014a). However, apparently some of the negative effects are transient, as 
was revealed by the Giessen field study with a temporary decline of biomass in hydrochar 
amended plots, leading to a significant yield loss two months after application but to a 
“normal” yield again after an additional three months, compared to the control. 
Additionally, hydrochar that was pre-incubated with soil three months before its use as a 
growth medium did not trigger adverse effects on plant growth (Chapter 2, 
Schimmelpfennig et al. (2014)). This observation has been confirmed by Bargmann et al. 
(2013), reporting that storing and/or washing of hydrochar alleviated the negative impacts 
on plant germination and growth.  
Apart from effects on plant growth, biochar triggered shifts in the plant community 
composition in the Giessen field trial, where the growth of forbs was favored over grasses 
(Chapter 3, (Schimmelpfennig et al., 2015a)). Biochar induced plant community shifts 
have been found by others, where legumes were favored over grasses, especially in N-
limited environments (Oram et al., 2014; van de Voorde et al., 2014). Moreover, changes 
in plant nutrient concentrations following biochar but also hydrochar application to 
temperate soil have been observed in the Giessen field trial. The plant biomass contained 
significantly more potassium, likely induced by the release of potassium contained in the 
biochar and hydrochar or sorption of potassium from the soil solution or slurry onto the 
biochar or hydrochar surfaces (Chapter 3) (Schimmelpfennig et al., 2014). Higher 
potassium concentrations in the soil (solution) following biochar soil application were also 
reported from another field study and a greenhouse based study, however effects on plant 
potassium concentration were not significant there (van de Voorde et al., 2014; Wagner 
and Kaupenjohann, 2014).  
1.5 Effects of biochar/hydrochar on greenhouse gas emissions 
Soils, especially agriculturally managed, fertilized soils as well as grazing land and 
associated livestock breeding contribute significantly to the global GHG emissions (IPCC, 
2013). An increase of GHG emissions following biochar/hydrochar amendment to soil is 
neither desirable with regard to climate change nor would it fit the concept of carbon 
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capture and long term soil sequestration by biochar/hydrochar application. On the contrary, 
strategies and tools to decrease GHG emissions from soils by e.g. improving the fertilizer 
efficiency or increasing the soils´ methane oxidation potential are clearly necessary and 
biochar might be promising especially in regions with livestock production (Jones et al., 
2014; Van Zwieten et al., 2015).  
From previous studies, it can be assumed that biochar/hydrochar amendments have the 
potential to alter the GHG budget of soil by interactions with both the carbon and the 
nitrogen cycle or by changing the physical, chemical or biological parameters of soils 
(Lehmann, 2007; Clough and Condron, 2010; Van Zwieten et al., 2015). Furthermore, 
there is some evidence that biochar and to a certain extent also hydrochar can function as a 
stable carbon pool in the soil, while simultaneously improving soil functions (see above), 
affecting both biotic and abiotic mediated GHG emissions. However, there are certain 
trade-offs for both sides, with a highly recalcitrant biochar exhibiting a low mineralization 
rate and few nutrient sorption sites and vice versa (Chan and Xu, 2009; Hale et al., 2011; 
Song and Guo, 2012; Spokas, 2013). Hydrochar has been reported to be less effective in 
both long term carbon stability and/or sorption of plant available nutrients; however it may 
lead to a short- to medium term increase of soil fertility, with diverse effects on GHG 
emissions (Kammann et al., 2012; Bargmann et al., 2014a). 
1.5.1 CO2 emissions 
Carbon dioxide emissions from soils with and without carbon amendment can be both of 
abiotic (chemical decomposition of carbonates) or biotic origin, such as microbial 
respiration. If the soil is vegetated, plant root respiration as well as root associated 
mycorrhizal respiration additionally contribute to the soil CO2 flux. Together, these 
components can be summed under the term ecosystem respiration. Gas measurements in 
the field were made using static dark chambers to exclude CO2 depletion by plant 
assimilation. In the incubations, where the soil was unvegetated, the measurements allowed 
only for the acquisition of microbial respiration. 
Degradation of carbonates contained in biochar was found to lead to short term increase in 
CO2 emissions right after application (Jones et al., 2011; Bruun et al., 2014). In the 
Giessen biochar field and laboratory studies, abiotic factors played a minor role, since both 
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the carbonate content of the soil and the carbon amendments were negligible 
(Schimmelpfennig et al., 2014). However, an immediate peak in CO2 emissions following 
slurry application in the unvegetated incubation experiment and to a lesser extent in the 
field suggests that slurry-carbonates dissolved during and after application, however with 
little treatment effects. Both in the field and in the incubations, most distinct before any 
fertilization, biochar amendment led to decreased CO2 emissions as compared to the 
control soils (Chapter 2 and 5) (Schimmelpfennig et al., 2014; Rex et al., 2015). This 
likely indicates a negative priming effect of biochar on soil or plant root derived carbon. 
Biochar-induced negative priming of SOC, leading to lower CO2 emissions compared to 
unamended control soil was confirmed by other authors, using isotopically labeled biochar 
or soil organic matter (Cross and Sohi, 2011; Jones et al., 2011). Sorption of extracellular 
enzymes, SOC or NH4
+
 on the biochar surface, reducing microbial mineralization and (pH 
induced) shifts in microbial metabolism assumedly trigger negative priming effects but 
evidence is still scarce (Ding et al., 2010; Jones et al., 2011; Borchard et al., 2012). 
Moreover, the interactions of soil, biochar and plant roots are not fully understood. Ventura 
et al. (2014) report an increased mineralization of biochar-C in the presence of plant roots, 
indicating co-metabolism induced by plant root exudates. On the other hand, Whitman et 
al. (2014) observed that in the presence of biochar, the priming effect of root exudates on 
SOC mineralization was reduced significantly. In the data obtained in the Giessen field and 
incubation studies, the “negative priming” effect (lower CO2 emissions from biochar 
amended plots compared to unamended control soil) was more distinct in the vegetated 
field but still significant in the non-vegetated incubation, especially in sandy soil (Chapters 
2 and 5). These results are in agreement with the observations of Whitman et al. (2014). 
Contrarily to biochar, hydrochar had a neutral effect on the ecosystem respiration in the 
Giessen field trial (top-dressed). However, it led to higher CO2 emissions in all incubation 
studies, compared to the control, where it was mixed into the soil (Schimmelpfennig et al., 
2014). Approvingly, hydrochar application increased CO2 emissions from a plowed field 
experiment and in incubation in the mix with arable soil (Kammann et al., 2012; Eibisch et 
al., 2013; Bamminger et al., 2014a; Bargmann et al., 2014c). The additional CO2 
emissions originated both from hydrochar mineralization as well as from additional SOC 
degradation as a result of positive priming. In hydrochar amended arable soil, Bamminger 
et al. (2014a) found increased activities of enzymes that are involved in the N-cycle. This 
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effect could imply that microorganisms react with additional enzymatic activity to bridge 
the N-immobilization involved in hydrochar mineralization (Gajić and Koch, 2012). Such 
a reaction could explain the overall increased microbial activity and additional CO2 
emissions from hydrochar amended soils, found in the Giessen incubation experiments and 
elsewhere (Bamminger et al., 2014a). Taken together, biochar generally improved the CO2 
balance of the soils used in the Giessen experiments, while hydrochar had neutral effects or 
led to increased emissions. 
1.5.2 N2O emissions 
A meta-analysis obtained from all available studies published between 2007-2014 
concerning N2O emissions from biochar amended soils revealed overall N2O emission 
reductions ranging from 10 to 90 % (Cayuela et al., 2014). However, even if the overall 
effect is an emission reduction, also increased N2O emissions following biochar 
amendment were reported, e.g. from biochar enriched with compost high in N or from 
biochar-soil mixtures subsequent to N-fertilization (Spokas et al., 2009; Kammann et al., 
2012). Proposed reasons for the (predominant) reduction of N2O emissions from soils 
mixed with biochar are improved aeration (Yanai et al., 2007; Van Zwieten et al., 2010b), 
adsorption of NO3
-
, NH3 or NH4
+
 (Singh et al., 2010; Van Zwieten et al., 2010b; 
Taghizadeh-Toosi et al., 2011b) or an increase of the soil pH (Wang et al., 2012), all of 
which were disproved as single causes by others (Bruun et al., 2011; Case et al., 2012). 
Furthermore, also immobilization of nitrogen (Case et al., 2012), inhibition of one of the 
steps during nitrification or denitrification (Spokas et al., 2009; Van Zwieten et al., 2009; 
Clough et al., 2010) or an increase in the gene expression and hence abundance of the 
enzyme N2O reductase (Harter et al., 2014) were identified as potential causes. Moreover, 
the function of biochar as electron shuttle (Cayuela et al., 2013) may have contributed to 
N2O emission reductions.  
Van Zwieten et al. (2015) identified the biochar feedstock as important influencing factor 
on N2O emissions from the biochar-soil system, with woody feedstock and feedstock from 
crop residues decreasing emissions, while biochars from other feedstock (manure, 
biosolids, processing wastes, paper mill residues) lacked any significant effect. Looking 
specifically on N2O emissions from biochar amended temperate soils, the majority of the 
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studies reported a decrease of N2O emissions from biochar amended soil compared to 
unamended control soil, with most distinct reduction effects from high temperature 
biochars and subsequent N-fertilization (Zheng et al., 2012; Ameloot et al., 2013a; 
Malghani et al., 2013; Stewart et al., 2013; Bamminger et al., 2014b; Felber et al., 2014; 
Harter et al., 2014; Nelissen et al., 2014; Sun et al., 2014a). However, biochar had mostly 
no effects on N2O emissions if top-dressed or following fertilization with sewage sludge 
(Diaz-Rojas et al., 2014; Schimmelpfennig et al., 2014). Only two studies reported higher 
N2O emissions, which were accompanied by increased crop biomass, indicating synergistic 
effects (Saarnio et al., 2013; Verhoeven and Six, 2014). Recently, Van Zwieten et al. 
(2015) provided a comprehensive update on the current understanding of underlying 
mechanisms of decreased N2O emissions from biochar amended soil. Evidently, biochar 
may also catalyze chemo-denitrification, providing iron or tin which are concentrated in 
the biochar during the production process, participate in redox reactions or change the 
bioavailable C supply in soil with consequences for N2O emissions. 
Some incubation studies showed that biochar alleviated the effect of weather events with a 
strong environmental impact (N2O emissions outbursts) such as frost-thaw cycles or strong 
precipitation, leading to water logging (Kettunen and Saarnio, 2013; Schimmelpfennig et 
al., 2015b) (Chapter 5). These findings are supported by the Giessen field study, where 
N2O emissions tended to be reduced during a freeze-thaw period (Schimmelpfennig et al., 
2014) (Chapter 2).  
Hydrochar amendment had no significant effect on N2O emissions in the combined 
incubation and field study in Giessen, even after frequent additions of liquid pig slurry 
(Chapter 2, Schimmelpfennig et al. (2014)). However, in the longer-term incubation study 
with several degradation-promoting experimental conditions including frequent N-
fertilization, two hydrochars from Miscanthus × giganteus (a weekly and a strongly 
carbonized one) led to significantly higher N2O emissions from both a Cambisol (clayey 
sand) and a Haplic Stagnosol (clayey loam) (Chapter 5). Further studies dealing with the 
effects of hydrochar on N2O emissions from the soil report diverse results. Nitrous oxide 
emission increases have been reported as well by Kammann et al. (2012), following 
(mineral) fertilization to bark-or beet- hydrochar (produced at 203 °C) amended soil in an 
incubation experiment with Luvisol (loamy silt). Contrastingly, Malghani et al. (2013) 
reported decreased N2O emissions following the application of hydrochar produced from 
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corn silage to spruce forest Cambisol (sandy loam) and agricultural soil (silty loam) 
receiving no fertilization. However, increased N2O emissions compared to unamended 
control soil were reported from deciduous forest soil (Cambisol, silty clay) in the same 
experiment. This increase was ascribed to higher water rich microsites in the silty clay soil. 
Dicke et al. (2014) also reported decreased N2O emissions from hydrochar (produced from 
wheat straw or digested wheat straw) amended sandy topsoil (Cambisol, silty sand), before 
and after N-fertilization, but did not find any treatment effects in the subsoil. The authors 
ascribe the observed emission reduction to the relatively high HTC production temperature 
of 230°C, resulting in HTC material with a high sorption potential for N compounds. 
Moreover, improved soil aeration by hydrochar could also have caused the observed N2O 
emission reductions compared to the unamended control soil, since the WHC had not been 
adjusted (Dicke et al., 2014). These results suggest that the mechanisms involved in N2O 
emissions following hydrochar application to soil are still unclear. Nonetheless, it seems 
likely that fine textured soil is prone to higher N2O emissions compared to coarse textured 
soil. Lastly, the feedstock and production temperature of the hydrochar may also determine 
its degradability and sorption capacity Generally, N2O emission reductions might be 
temporary, suggesting that the experimental duration might also be an important 
influencing factor to the evaluation of N2O emissions. Both hydrochar and biochar 
amendment led to lower N2O emissions compared to feedstock amended soil. However, 
compared to the unamended control soil, hydrochar amendment had either neutral effects 
and led in some cases also to higher N2O emissions, depending on the experimental 
conditions. Contrastinigly, biochar reduced the N2O emissions even below control soil 
emission levels. The results obtained in the Giessen field and incubation studies thus agree 
with the general trend of N2O emission reductions following biochar amendment to soil. 
1.5.3 Methane fluxes 
Biochar may be an interesting management option for agricultural systems prone to high 
methane emissions such as paddy fields, and much research has been carried out 
accordingly in the last years (Zhang et al., 2010; Liu et al., 2011; Xie et al., 2013; Singla 
and Inubushi, 2014). In paddy soils, biochar was found to decrease methane emissions by 
reducing the abundance of methanogenic archaea (Dong et al., 2013) or improvement of 
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habitat conditions for methanotrophic bacteria. The habitat conditions can be improved by 
an increase of the soil pH (Shen et al., 2014) or soil aeration (Kammann et al., 2012), the 
retention of CH4 in biochar pores (Feng et al., 2012) or provision of potassium, stimulating 
the methanotrophic bacterial populations (Barbosa de Sousa et al., 2014). However, also 
increased CH4 emissions from biochar amended paddy soils were reported. The increase in 
CH4 emissions is possibly caused by carbon compounds available to microorganisms and 
interactions with slurry during fertilization (Zhang et al., 2010). Fewer studies investigated 
the effects of biochar on methane fluxes from temperate soils and the results are diverse, 
strongly depending on the experimental design, e.g. the soil type, soil water status and soil 
management. However, the majority of the studies in temperate climates report an increase 
of the methane oxidation, i.e. methane uptake into the biochar amended soil. Biochar e.g. 
induced an increase in the gene abundance of methanotrophic bacteria in landfill cover soil 
(Reddy et al., 2014). Also, sorption of organic compounds to the biochar surface, 
providing substrates for methanotrophs (Borchard et al., 2014b) reportedly improved 
methane oxidation. Furthermore, biochar was found to mitigate soil moisture fluctuations 
that are generally associated with high CH4 emissions (Castro et al., 1994; Spokas and 
Bogner, 2011). Moreover, also the adsorption of fertilizer-borne ammonium onto the 
biochar surface could prevent the inhibition of methane oxidation by NH4
+
 especially in 
fertilized soils (Karhu et al., 2011). 
Soils with a low background methane oxidation potential i.e. methanotrophic activity 
responded little to biochar amendment (Van Zwieten et al., 2015). Correspondingly, all 
carbon amendments improved the methane oxidation capacity of the grassland soil used in 
the Giessen field trial and in the incubations; the grassland soil exhibited an intrinsically 
high CH4 oxidation potential, which is typical for semi-natural grassland. Accordingly, in 
the incubation using an agriculturally managed sandy soil with a negligible methane 
oxidation potential, none of the carbon amendments induced any methane flux changes in 
the soil (Schimmelpfennig et al., 2014; Schimmelpfennig et al., 2015b) (Chapter 2 and 5). 
This interaction was confirmed by other authors, although fertilization can mask the sole 
influence of the carbon amendments (Zheng et al., 2012; Angst et al., 2014; Diaz-Rojas et 
al., 2014). Correspondingly, fertilization with pig slurry led to higher short-term methane 
emission outbursts from biochar amended soil in the Giessen biochar field experiment as 
well as in the incubation study compared to all other treatments and the control. These 
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emission outbursts may derive from the slurry itself and could relate to the slurry 
infiltration rate or redox reactions with the biochar surface (Chapter 2) (Chadwick and 
Pain, 1997; Schimmelpfennig et al., 2014). 
Hydrochar amendment increased the methane oxidation capacity of soils in all the Giessen 
incubation studies, possibly caused by an improved aeration (Chapter 2 and 5). Soil 
flooding did not trigger methane emissions here, which is in contrast to results reported by 
(Kammann et al., 2012). The different results may likely be ascribed to the four times 
higher amount of hydrochar applied in their study, compared to the Giessen incubation 
experiments, providing larger amounts of labile carbon compounds for the metabolic 
activity of methanogens. Generally, in the incubation experiments, all carbon amendments 
increased the methane fluxes into the loamy soil under study, increasing its initial methane 
oxidation capacity. No effect was found in agriculturally used, sandy soil and in the field. 
1.5.4 Ammonia emissions 
Ammonia (NH3) emissions from agricultural areas are major drivers of soil acidification 
and eutrophication of ecosystems (Umweltbundesamt, 2011). Up to 28 % of the annual N 
input can be lost as NH3 emissions from grasslands, depending on farm management 
practices (Ball and Keeney, 1981; Pain et al., 1989). Thus, reducing NH3 emissions from 
agriculturally managed soils is of both environmental and economic interest. Several field 
and laboratory experiments dealing with the influence of biochar or hydrochar on 
processes prone to NH3 emissions have been conducted so far, including slurry application 
to the field or slurry/manure storage (Zhao et al., 2013b; Sun et al., 2014a; 
Schimmelpfennig et al., 2014). The results suggest the possibility of biochar to decrease 
NH3 emissions from slurry, if the biochar is incorporated into the soil prior to slurry 
application (Taghizadeh-Toosi et al., 2012). Ammonia emission reductions of up to 63 % 
have been reported following the admixture of acidified biochar to poultry litter manure, 
compared to a control without biochar, suggesting a strong relation of the biochar pH and 
urea hydrolysis (Vandré, 1997; Steiner et al., 2010; Doydora et al., 2011). Concomitantly, 
as an adverse effect, increases in NH3 emissions due to biochar amendment have been 
observed when alkaline biochar was mixed with liquid slurry (without soil or top-dressed 
onto soil), especially at excessive urea fertilization rates (250 kg N ha
-1
) (Zhao et al., 
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2013b; Schimmelpfennig et al., 2014). Contrarily, ammonia emissions following slurry 
admixture to the mostly slightly acidic hydrochar were negligible, confirming the 
dominance of the pH effect (Schimmelpfennig et al., 2014). Thus, biochar and hydrochar 
may offer the option to decrease NH3 emissions from slurry. However, this effect is clearly 
linked to the pH of the carbon amendments. 
1.6 Stability of biochar/hydrochar with regards to long term carbon storage 
in soil 
The stability or recalcitrance of carbon amendments against degradation is an important 
factor for evaluating their suitability for long term carbon sequestration and potential 
integration in carbon trading systems such as the European Emissions Trading System 
(EU- ETS).  
From both Terra Preta sites and environments affected by natural (forest or steppe) fires, 
the age of pyrogenic carbon compounds in soil has been estimated to range between 500-
7000 years, suggesting a similar long mean residence time for biochar (Neves et al., 2003). 
While evidence from long term biochar field experiments is still scarce, extrapolating the 
degradation rates obtained by month-or year long incubation and field experiments 
provides first insights into the degradation behavior of various carbon amendments. Also, 
some important influencing factors on the degradation behavior have thus been identified. 
The mean residence time (MRT) of biochar, obtained from one of the incubation studies 
performed in this study, 30-90 years (Chapter 5), was rather low compared to results 
reported by others. This can easily be explained by the highly degradation promoting 
conditions applied in this experiment. Besides the experimental conditions, factors like 
biochar/soil properties and soil biota, the stage of the experiment at the time of sampling as 
well as the model used for calculation, may also explain differences in the MRT of 
different studies (Lehmann et al., 2015).  
In any case, the long-term stability of hydrochar was less promising (2-12 years), however 
hydrochar still exhibited a significantly longer MRT than uncarbonized material (0.3-2 
years) (Chapter 4), which is in line with results reported by others (Qayyum et al., 2012; 
Bai et al., 2013). Generally, the degradation of organic material in soils depends on both its 
intrinsic chemical structure and the environmental conditions, especially temperature, soil 
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type and soil moisture. Both the carbon content as well as the cluster size of the aromatic 
ring structures increases with pyrolysis temperature, particularly above 360 °C, leading to 
the recalcitrant chemical structure of biochar (Mimmo et al., 2014; Lehmann et al., 2015). 
Moreover, also the size matters, as biochar dust was mineralized faster compared to pellets 
(Sigua et al., 2014). On the other hand, smaller sized biochar particles are more likely 
stabilized by soil aggregates and mineral coating, depending on the clay content of the soil 
(Joseph et al., 2013; Bruun et al., 2014). Interestingly, evaluating the stability of 
Miscanthus × giganteus biochar in two different soils revealed a higher stability of biochar 
in the biologically less active sandy soil, compared to the loamy grassland soil (Chapter 4). 
These results indicate that biochar integration into soil aggregates or organo-mineral 
complexes is a rather long-term process, likely depending on the soil’s aluminum and 
calcium content, as was also reported by other authors (Lin et al., 2012; Singh and Cowie, 
2014). Biological mineralization, especially of recalcitrant compounds, generally increases 
with temperature. However no direct comparison of the influence of soil temperature on 
mineralization between uncharred and charred organic matter is presently available and 
warrants further research (Lehmann et al., 2015). In spite of its intrinsic recalcitrance, 
biochar was susceptible to co-metabolism following the addition of a labile carbon source 
such as glucose (Chapter 4). These results were corroborated by findings from other 
authors, especially if N was not a limiting factor (Kuzyakov et al., 2000). On the contrary, 
glucose addition had little influence on the degradation of feedstock and hydrochar after 
about one year of incubation, suggesting that these materials were already strongly 
degraded without an additional labile C-source (Rex et al., 2015)(Chapter 5). Generally, 
any kind of carbonization (vapo-, hydrothermal carbonization as well as pyrolysis) 
increased the stability against degradation as compared to the feedstock material. The 
recalcitrance increased with the carbonization grade, leading to highest stability of biochar 
material in both sandy and loamy soil. 
1.7 Conclusion 
The results obtained in the Giessen field and laboratory studies so far confirm the 
assumption that the degradation of carbon amendments in soil can be related to their 
carbonization grade. The degradation of feedstock material in the soil was associated with 
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detrimental GHG emissions in the incubation (CO2 and N2O) and in the field (N2O). 
Carbonization of Miscanthus straw clearly reduced its GHG emission impact: Hydrochar 
led to lower CO2 and N2O emissions compared to feedstock material in the incubation 
studies. However, higher CO2 emissions as compared to the control in both incubation 
experiments still indicate that quite a large amount of hydrochar was prone to 
mineralization during the experimental periods. Hydrochar additionally reduced plant 
growth in the field over the period of 1.5 years, indicating the presence of toxic 
compounds. A better understanding of the carbon compounds created during the 
hydrothermal carbonization process seems crucial before any larger scale soil application 
of hydrochar can be recommended. Additionally, long-term carbon sequestration can likely 
be not achieved with hydrochar. 
Rather unexpectedly, biochar amendment did not only lead to lower N2O and CO2 
emissions compared to the feedstock treatment in the incubation (especially before slurry 
amendment) and to lower CO2 emissions in the field; biochar amendment also reduced the 
CO2 emissions compared to the pure control soil. Interestingly, these CO2 emission 
reductions were neither accompanied by a lower soil microbial biomass nor reduced plant 
growth or plant nutrient concentrations. Quite contrarily, biochar led to significant yield 
increases (29 %) of Lolium perenne in a greenhouse based pot experiment. Also, the total 
microbial biomass was significantly higher in the biochar field plots after 1.5 years, 
compared to the control soil. Rather, the results point to sorption interactions of biochar 
with root- or soil borne organic carbon and/or slurry compounds. This assumption is 
corroborated by the fact that the influence of hydrochar and biochar on GHG emissions 
was always more distinct in the unvegetated incubation experiments compared to the 
vegetated field, implying interactions of the carbon amendments with plant roots and/or 
slurry. Based on the results, biochar can be recommended for long-term soil application in 
temperate grasslands without adverse effects on soil microorganisms and plants. 
1.8 Outlook 
Information on the chemical composition and the results from the incubation studies 
suggest that mineralization of hydrochar can likely be expected in the coming years of the 
field study. From the state of knowledge on biochar, it can be expected that ongoing 
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bioturbation will lead to an increased mixing of the carbon amendments with the soil 
matrix, facilitating interactions with the plant roots, soil organic and mineral compounds as 
well as microorganisms. Long term stabilization of the carbon amendments in organo-
mineral complexes or in soil aggregates and increased plant growth due to a higher 
microbial activity and/or sorption of slurry-borne nutrients are some of the potential results 
that may be expected for the coming years in the field study. The future trend of the 
“negative priming”, as observed both in biochar amended vegetated and un-vegetated soil, 
will be particularly worth to investigate in more detail. On the one hand, biological and 
physical breakdown of biochar particles might generate new sorption sites for SOC, root 
exudates or nitrate, extending the biochar-induced “negative priming” effect. On the other 
hand, complete coating of the biochar surface with minerals and soil particles could lead to 
saturation of the sorption sites, eliminating the CO2 efflux reductions. Fertilization with 
slurry as a fixed factor of the study design may interfere with the positive effects of biochar 
on the GHG budget of the grassland, as it leads to short term methane or N2O emission 
peaks. However, ongoing integration of biochar into the soil matrix may induce a reduced 
bulk density, followed by improved soil aeration and/or sorption of N-compounds onto the 
biochar surface. These effects could reduce N-losses and increase methane oxidation, 
leading e.g. to the frequently reported biochar-induced N2O emissions reductions. 
Taken together, biochar seemed to be a suitable mitigation option for “extreme” weather 
event-related GHG emission outbursts, such as heavy rainfall or severe, immediate 
freezing, as shown in the incubation study. A more detailed understanding of the 
performance of biochar under “extreme” weather conditions in the field warrants further 
investigations with specifically designed experiments.  
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Abstract 
Both reductions of greenhouse gas emissions and carbon sequestration have the potential to 
reduce global climate warming and avoid dangerous climate change. We assessed the 
sequestration potential as well as possible risks and benefits of carbon amendments 
(16 ± 4 % of soil organic C) from Miscanthus × giganteus in different carbonization stages 
of a temperate grassland soil together with pig slurry: 1) untreated dried biomass 
(feedstock), 2) hydrothermally carbonized biomass (hydrochar) and 3) pyrolyzed biomass 
(biochar) in comparison to a control (only pig slurry application). The field study was 
complemented by a laboratory incubation study, followed by a growth experiment with 
Lolium perenne. In the field, greenhouse gas emissions (CO2, N2O, and CH4) were 
monitored weekly over 1.5 years and over three months in the lab. Initial nitrogen losses 
via ammonia emissions after substrate-slurry application were assessed in an additional 
greenhouse study.  
We found that biochar reduced soil and ecosystem respiration in incubation and in the field 
respectively. Additionally, biochar improved methane oxidation, though restricted by 
emission outbursts due to slurry amendment. It also reduced N2O emissions significantly in 
the lab study but not in the field. Hydrochar and feedstock proved to be easily degradable 
in incubation, but had no effect on ecosystem respiration in the field. Feedstock 
amendment significantly increased N2O emissions in incubation and one year after 
application likewise in the field. In a growth experiment subsequent to the incubation, only 
biochar amendment increased Lolium perenne biomass (+29 %) significantly, likely due to 
N retention. In the field, biochar caused a significant shift in the plant species composition 
from grasses to forbs, whereas hydrochar significantly reduced yields within two growth 
periods (2011 and 2012). Ammonia emissions were significantly higher with feedstock and 
biochar compared to the control or acidic hydrochar. The overall results indicate that 
biochar is better suited for C sequestration and GHG mitigation in grasslands than 
hydrochar or the uncarbonized feedstock. However, NH3 emission reductions may only 
occur when the biochar is neutral or slightly acidic. 
Keywords 
Biochar, Hydrochar, Miscanthus × giganteus, Grassland, NH3 emissions, GHG emissions 
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2.1 Introduction 
Biochar, an organic carbon soil amendment, has great potential to alleviate the CO2 
accumulated in the atmosphere by sequestration of recalcitrant carbon into the soil 
(Lehmann, 2007; Glaser et al., 2009). Such a biological sequestration of CO2 would be 
cost-effective (Schellnhuber et al., 2006) and serve as a fast action strategy for climate 
change mitigation (Melino, 2009). Positive effects of biochar amendments on crop yields 
(Jeffery et al., 2011; Biederman and Harpole, 2013) would provide an additional incentive 
for its agricultural use. However, before using biochar as a carbon sink and environmental 
management tool, it must be proven that it remains stable after soil application and that 
such application does not create adverse effects, e.g. increased greenhouse gas emissions 
(GHG). Greenhouse gases such as carbon dioxide (CO2), nitrous oxide (N2O) and methane 
(CH4), increase the radiative forcing of the Earths´ atmosphere (Houghton et al., 1997) by 
contributing to ozone depletion (N2O) (Ravishankara et al., 2009) and by interaction with 
aerosols (CH4) (Shindell et al., 2009). Possible positive feedback effects of biochar or 
biochar-slurry mixtures on GHG emissions would be detrimental for the field use of 
biochar as a carbon sequestration tool. To date, the effects of biochar on GHG emissions 
are rather diverse. They depend on the biochar production process parameters, the 
feedstock used, the ecosystem and soil properties to which biochar is applied, and the 
strategy of application and (agricultural) management. 
Biochar could be beneficial as a soil conditioner in degraded or naturally poor soils by 
improving nutrient availability and mycorrhiza abundance (Chan et al., 2008; Alvum-Toll 
et al., 2011). Although it might not be needed as a soil conditioner in fertile temperate 
soils, an increment of the grassland carbon stocks by carbon amendment may act as carbon 
sink due to long C turnover times (Scurlock and Hall, 1998). Biochar use in grasslands 
may even be based on ancient soil types in temperate climates, i.e. chernozems, of which 
some are assumed to have developed under grassland (steppe) vegetation (Eckmeier et al., 
2007). For anthropogenically used grasslands, which are typically used for livestock 
breeding with considerable amounts of manure and urine accumulation, positive biochar-
slurry interactions may offer new ways for reducing GHG emissions (Winsley, 2007). 
Indeed, Bruun et al. (2011) showed in an incubation study that the addition of 3 % fast 
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pyrolysis biochar on a mass basis reduced CO2 and N2O emissions from a slurry amended 
soil significantly. Biochar and slurry can also reduce the wind erosion of biochar during 
application and alleviate the odor of the slurry (Blackwell et al., 2009). However, the 
promising idea of charging biochar with the nutrients contained in the slurry still has to be 
proven effective. Experiments with biochar and slurry showed that biochar can bind 
ammonia by surface interactions (Spokas et al., 2012). Furthermore, biochar reduced NO3 
and total N leaching from manure-amended soil significantly (Laird et al., 2010a; Ventura 
et al., 2013), with subsequent positive effects on plant-available nitrogen and thus plant 
growth. Concerning the N-efficiency of ecosystems, ammonia and denitrificatory N losses 
(including N2O emissions) are very important factors, as well as losses of NO3-N by 
leaching, the main pathways for losses of N from an ecosystem. NH3 losses from 
grasslands can account for up to 28 % (grazed pasture) or 27 % (grassland fertilized with 
pig slurry) of the annual N input (Ball and Keeney, 1981; Pain et al., 1989), depending on 
farm management practices. Nitrous oxide emissions can add up to 2 -2.2 % total N loss of 
added fertilizer of a grassland ecosystem (Velthof et al., 1996; Clayton et al., 1997).  
However, results of biochar effects on ecosystems in temperate climates are still scarce, 
and the interactions of different biochar-slurry mixtures in the field still have to be 
elucidated. Consequently, the background of this study was to assess possible risks and 
chances of carbon amendment co-applied with slurry to a temperate grassland site with a 
focus on GHG- and ammonia emissions. We hypothesized that, firstly, the materials would 
degrade in the sequence of their carbonization grade: feedstock > hydrochar > biochar and 
that degradation would be measurable in the ecosystem respiration. To assess possible 
priming effects of biochar on hydrochar or vice versa, we introduced a mixed treatment in 
the incubation study. Secondly, we hypothesized that biomass growth will be negatively 
impacted by hydrochar application, as reported by others who found negative effects on 
plant germination and growth with hydrochar use in soils (Bargmann et al., 2012; Gajić 
and Koch, 2012). Thirdly, that biochar will reduce N2O and CO2 emissions (Augustenborg 
et al., 2012; Case et al., 2012; Dempster et al., 2012), improve CH4 oxidation (Liu et al., 
2011), and that hydrochar will have rather adverse effects on the GHG balance (Karhu et 
al., 2011; Kammann et al., 2012), as shown by incubation studies so far.  
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2.2 Material and methods 
2.2.1 Laboratory incubation 
A laboratory study was carried out with the same parameters as the field experiment but 
under controlled conditions. Soil for incubation was taken from the top 15 cm of the 
experimental field site prior to initiation of the field experiment. The grassland site in 
Linden, near Giessen, Germany (50°32'N und 8°41.3'E) has been managed extensively for 
decades as grassland with two cuts per year (Jäger et al., 2003). The soil, a Haplic 
Stagnosol (WRB, 2006), has a soil texture of 25 % sand, 28 % clay, 47 % silt and a pH of 
5.8 - 6.0. For the incubation study, 500 g of the field-fresh soil (or 373 g of dry soil) with 
3.5 % total organic carbon (TOC, see Table 2-1) was mixed with carbon substrates. All 
carbon amendments originated from Miscanthus × giganteus and were applied non-
carbonized (feedstock) hydrothermally carbonized in a steam atmosphere (hydrochar) or 
pyrolyzed (biochar). Miscanthus straw had been harvested in winter 2009, when all 
aboveground plant material had receded. The hydrothermal carbonization was produced by 
keeping the feedstock in a water vapor atmosphere for 2 hours at a temperature of 200 ±3 
°C under a pressure of 1.6 MPa (Revatec, Geeste, Germany, at that time Hydrocarb GmbH, 
Ohmes, Germany).  
Biochar was produced using a pyrolysis unit with a continuous flow reactor at 550-600 °C 
(Pyreg GmbH, Bingen). Soil and substrate characterization parameters are given in Table 
2-1.  
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Table 2-1: Key characteristics of the soil and C-substrates used. Numbers behind plus minus signs represent the standard deviation (n=3 for feedstock and 
hydrochar, n=30 for biochar). 
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Soil 5.8 3.5±0.01 0.33±0.01 n.d. 10.6 n.d. n.d. n.d. n.d. n.d. 
Feedstock 6.8 47.94±0.41 0.12±0.02 2.04±0.69 399.5 0.71 1.56 1.1 n.d. -1.02 
Hydrochar 5.1 50.47±1.04 0.19±0.02 3.13±0.63 265.6 0.55 1.28 3.5 0.44 -2.77 
Biochar 10.1 60.8±14.54 0.4±0.09 34.93±15.17 152.0 0.07 0.11 864.2 2.98 0.21 
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All materials were ground to <10 mm before admixture with the soil (SM 300, Retsch 
GmbH, Haan, Germany). The amount of the substrates applied to the incubation jars and 
the field was equivalent to an increase of the soil organic carbon (SOC) content (3.5 %) of 
16 ± 4 %, with total amounts of 16 t ha
-1
 feedstock application, 14.5 t ha
-1
 hydrochar 
application and 9.3 t ha
-1
 biochar application, respectively. 
In the incubation, we introduced a new treatment where biochar was mixed with hydrochar 
in equal shares, depending on the C content from each source. The soil-substrate mixtures 
(n=4 per treatment) were placed in 1100 ml incubation jars (WECK GmbH u. Co. KG, 
Wehr, Germany) and incubated in the lab at 21 ± 1 °C for 125 days. Soil moisture was 
controlled gravimetrically by adjusting it weekly to the initial field-fresh soil conditions at 
the start (WHC 31-37 %); soil moisture raised to WHC 38-46 % with slurry addition, 
depending on the treatment. WHCmax was determined following the DIN ISO 11274 
guideline with slight modifications due to the increased soil sorptive capacity after biochar 
application. In brief, field fresh soil was mixed with the substrates, put into small cylinders 
prepared with a filter paper on gauze at the bottom to prevent soil and biochar particle 
runoff and left to soak immersed in water for 24 hours. Subsequently, the samples were 
taken out of the water, put on a rack in a closed box (to prevent evaporation), left to drain 
for 24 hours, and re-weighed. 
To separate priming effects due to soil disturbance during preparation of the experiment 
from priming effects of fertilization, we started GHG-flux measurements (CO2, N2O and 
CH4) three days after initiation of the experiment but added pig slurry in the equivalent to 
40 m³ slurry ha
-1
 to each incubation jar after 36 days of incubation. The slurry had a pH of 
7.7 and a dry matter content of 0.81 %. The majority (75 %) of the N in the slurry (1.34 
kg m
-3
) was in form of ammonium (NH4
+
-N), the rest in organic forms. The slurry was 
pipetted onto the surface of the substrate mixtures in the incubation jars (as would be done 
in the field). At the end of the GHG measurement period, the soil mixtures were analyzed 
for their mineral N (Nmin) contents. For that, 40 g of fresh soil mix was suspended in 
200 ml of 2M KCl, shaken for two hours at 200 rpm, then filtered and analyzed 
colorimetrically for nitrate and ammonium using an auto analyzer (Seal Analytical, 
Norderstedt, Germany). The pH was measured with a pH meter (InoLab; WTW, Weilheim, 
Germany) at the beginning and end of the GHG measurement period using a soil: water 
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ratio of 1:4. For determination of the pH values of the pure C-substrates we used a 
substrate water relation of 1:20. 
A subsequent growth experiment was performed to investigate if an overall N retention 
might have occurred that may increase plant growth. Thus, the soil mixtures from the 
incubation experiment were put into flower pots (9 cm diameter) and were adjusted to 
60 % WHC. Ten Lolium perenne seedlings were transferred and planted to each pot and 
were kept at constant moisture level in the temperature-controlled greenhouse (day: 20-
24 °C night: 14 °C, humidity: 60-70 %, length of day: 12h). The plants were cut for the 
first time after three weeks to determine above-ground biomass, left for regrowth for 
another two weeks and were cut a second time. The biomass was dried at 105 °C and 
weighed. 
2.2.2 Field experiment 
The study was initiated in April 2011 with application of C-substrates in equal amounts as 
in the incubation study (16 t ha
-1
 feedstock, 14.5 t ha
-1
 hydrochar and 9.3 t ha
-1
 biochar).  
To prevent substrate loss during biochar application by wind erosion as seen in other 
studies (Major and Husk, 2010), the substrates were mixed with pig slurry (40 m³ ha
-1
) 
before application to promote positive side effects by potentially binding slurry nutrients to 
the added substrates. Pig slurry was subsequently applied twice a year, in spring and in 
autumn. In 2011, we applied, besides the initial amount during C-substrate application, 30 
m³ ha
-1 
in autumn, followed by 50 m³ ha
-1
 in spring 2012 and 70 m³ ha
-1 
in autumn 2012. 
The nitrogen (N) amounts applied as well as N (NH4
+
-N and total N) contents together 
with the dry matter contents and pH of the different pig slurries applied are provided in 
Table 2-2. Differences in the N contents of the slurries were due to storage methods 
(covered/uncovered) and the type of feed the animals received.  
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Table 2-2: Properties and amounts of the pig slurries applied to the soil in the field experiment. 
 
 
Date N-content of the 
slurry [kg m
-
³] 
NH4
+
-N 
[ kg m
-
³] 
N amount applied on 
field [kg ha
-1
] 
Dry matter content of 
the slurry [%] 
pH 
April 2011 1.34 1.0 53.6 0.81 7.7 
October 2011 0.7 0.6 21.0 0.25 8.0 
May 2012 2.2 1.6 110.0 4.5 8.3 
October 2012 0.81 0.7 56.7 0.22 7.4 
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The four treatment plots (control (slurry only), feedstock+slurry, hydrochar+slurry and 
biochar+slurry) of 16 m² (4 x 4 m) in size were arranged randomly in rows with four 
replications. The substrates-slurry mixes were applied as top dressings on 11
th
 April 2011 
before the spring growth period.  
Three subplots (60 x 60 cm) per plot were harvested in June and October 2011 and in May 
and September 2012 to evaluate biomass growth. The harvested biomass was separated 
into functional groups (grasses, herbs and legumes) and dried at 105 °C. To evaluate 
possible differences in biomass growth and ecosystem respiration, the vegetation in the 
GHG plots was kept at a height of about 10 cm and harvested three times a year.  
2.2.3 NH3-emission experiment 
To simulate the conditions at the beginning of our field experiment (direct mixing of slurry 
and C-substrates), we performed a separate NH3 emission study. For this, 200 g of 
unvegetated, field fresh grassland soil were transferred into flowerpots with a diameter of 
15 cm and placed in the greenhouse at 20 °C. Based on the soil surface area in the 
flowerpots, we added the carbon substrates in the same amount as in the field, as top 
dressing (28.4 g feedstock, 25.7 g hydrochar and 16.5 g biochar), mixed with pig slurry 
(0.13 % N). Each treatment (control, feedstock, hydrochar and biochar) was set out in four 
replicates in the greenhouse and measured in a random order at eight subsequent time 
points. Since the majority of the NH3 emission sum was expected in the first 24 hours after 
application, our measurements took place from 0.5 up to 28 hours after carbon-slurry 
application.  
2.2.4 Analyses 
Carbon, nitrogen and hydrogen contents of the soil and carbon material were determined 
using a CNH Macro Elemental Analyzer (Hanau, Germany), while the oxygen content was 
determined as difference of the measured elements and ash. Phosphorous content was 
analyzed following the DIN EN ISO 11885 guideline. The specific surface area (BET 
surface) of the carbon amendments was determined using an Autosorb-1 (Quantachrome) 
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with automated gas (N2) absorption and was calculated from the BET equation (DIN ISO 
9277). The results of the analyses are summarized in Table 2-1. 
Weekly measurements of the emissions of the greenhouse gases CO2, N2O and CH4 from 
the field plots were carried out following the closed static chamber method (Hutchinson 
and Livingston, 1993; Kammann et al., 2008), using dark chambers of 10 x 40 x 40 cm 
size (stainless steel, insulated). Consequently, measured CO2 effluxes represent the 
ecosystem respiration, including above- and below-ground (= roots, rhizosphere) plant 
respiration, bulk soil respiration and eventually C additive decomposition. Frames of the 
same size were installed into the soil to a depth of 10 cm before the start of the experiment. 
During flux measurement, the chambers were placed on the frame in a water-filled trench. 
Gas samples were taken after 0, 20 and 40 minutes with a 60 ml syringe (Ecoject Plus, 
Gelnhausen, Germany) through a rubber septum inserted in the top cover of the chamber.  
In the lab, GHG fluxes were analyzed weekly following a closed static chamber method as 
well (Hutchinson and Livingston, 1993; Kammann et al., 2012). Briefly, for starting a 
measurement, the jars were closed with glass lids and sealed air-tight with moistened 
gaskets and three metal clips. Gas samples were taken at three consecutive time points by 
piercing through a rubber septum (see above). To ensure taking a representative gas sample 
and to prevent O2 deficiency, the syringe was flushed twice with the air inside the 
chamber/vessel before sampling. The gas samples were analyzed within 24 hours after 
sampling on a GC (HP 6890 or Shimadzu 14B, Japan) coupled with an Electronic Capture 
Detector (ECD, detection of CO2 and N2O) and a Flame Ionization Detector (FID, 
detection of CH4) run by  the automatic sample injection and peak integration software 
´Probe65` (LAL, Göttingen, Germany; (Loftfield et al., 1997)). GHG fluxes were 
calculated by linear regression, considering the ideal gas law as well as average air 
pressure and temperature during the cover period. Only measurements with an R² of ≥ 0.85 
and higher or within the daily accuracy of the GC, defined as the standard deviation of n=6 
repeated measurements of an atmospheric standard gas, were considered to be fluxes. 
Otherwise, the fluxes were considered to be zero. 
To obtain information on total amounts of GHG lost during the incubation experiment, 
cumulative fluxes were calculated using linear interpolation (Bruun et al., 2011).We 
therefore separately cumulated fluxes before and after slurry application, using the six 
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measurement time points for the period before slurry application and the six (N2O and 
CH4) and eight (CO2) time points respectively for the period following slurry application. 
In order to compare the calculated cumulative carbon losses with analytical data for a mass 
balance, soil carbon contents of the different treatments were analyzed at the beginning and 
the end of the experiment using a CN analyzer (VarioMax, Elementar Analytical systems, 
Hanau, Germany).   
Soil pH (determined in H2O) from the field plots was measured once a year with the first 
measurement in March 2011, before biochar and slurry application and the second 
measurement one year later. Soil samples (three subsamples per plot) were taken with a 
core sampler (Ejkelkamp, Giesbeek, The Netherlands) from depths of 0-7.5, 7.5-15, 15-
22.5 and 22.5-30 cm. For pH analyses, the three subsamples per plot were pooled 
according to depth, dried at 105 °C, and ground to 2 mm. Since one year after initiation of 
the experiment the substrates were mostly in the upper root zone of the grass cover, we 
sampled and analyzed the upmost 2 cm of the soils separately.  
Slurry was analyzed for total N, following the Kjeldahl method including digestion of the 
samples with sulfuric acid, subsequent distillation with NaOH, and titration against 0.1M 
HCl and for NH4
+
 by distillation with MgO and subsequent titration (Amberger et al., 
1982).   
Ammonia measurements were done with a closed dynamic chamber method using Dräger 
tubes for ammonia detection 2a, 5a and 0.25a, depending on the expected NH3 
concentration (Drägerwerk AG, Lübeck, Germany) following Pacholski et al. (2006) with 
slight modifications. We worked with one chamber stocked with one gas inlet and one gas 
outlet. The gas outlet was attached to a hand pump, by which ambient air was sucked into 
the chamber to generate a steady state situation. Subsequently, the air mix inside the 
chamber was analyzed for its ammonia content by sucking the air mix into a Dräger tube 
attached to the hand pump. Each measurement took between 40 and 90 seconds and N 
fluxes were calculated using the formula FNg=volume*conc.*10
-6*ρNH3*UN*UF*UZ, with 
FNg being the NH3 flux (mg N m
-2
 h
-1
), the volume the amount of air sucked through the 
chamber (in L), conc. meaning the volumetric concentration of NH3 and ρNH3 the 
temperature sensitive ammonia density (mg l
-1
), UN is the conversion factor from NH3 to 
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N, UF the factor for upscaling the chamber covered soil surface to m
2
 and UZ the time 
conversion factor from seconds to hours.  
2.3 Statistics 
Statistics were carried out using Microsoft Excel 2010, SigmaPlot 11.0 and 12.0 and IBM 
SPSS Statistics Versions 19 and 20. The differences in the cumulated gas fluxes before and 
after slurry addition, as well as differences in Nmin concentrations among the treatments, 
were analyzed by one way Anova. Potential differences of cumulated (linearly 
interpolated) vs measured carbon contents from the incubation were determined using a 
paired t-test and differences in pH and WHC were determined using a two-sided t-test. 
Biomass data (incubation) were analyzed via a two-way ANOVA (factors ´harvest´ and 
´C-additive´), significant differences between the treatments were determined using the 
SNK-test. The dependence of biomass growth and nitrate concentrations was determined 
via linear regression analysis. If data were not normally distributed or lacked heterogeneity 
of variances, data were log- or square-root- transformed to achieve normality. The 
Kolmogorov-Smirnov test (with Lilliefors' correction) was used to assess normality of the 
data or the residues of the General Linear Models (GLM). Outliers were determined using 
the Grubb´s outlier test (Grubbs, 1950). For the GHG flux data from the field we used 
GLMs with time as random variable. In case of the time series of N2O and CH4 fluxes from 
the field experiment, normal distribution could not be achieved. Nonetheless, we 
postulated the statistical data to be reliable due to the high number of cases for the long 
time series. Differences in field biomass data (total yield and the yield divided into the 
three subgroups grasses, forbs and legumes) were determined using a three-way ANOVA 
and the LSD and SNK post hoc- tests with the factors `char treatment´, `harvest year after 
start´ and `harvest season´. 
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2.4 Results 
2.4.1 Laboratory incubation 
2.4.1.1 Water holding capacity 
Generally, the addition of C-substrates led to an improvement of the soils´ WHC. The 
addition of hydrochar alone (+14 %) and mixture with biochar (+25 %) led to significant 
increases of the WHC (t-test, p < 0.05). 
2.4.1.2 CO2 emissions and carbon balance 
Carbon dioxide (CO2) effluxes during the three months incubation period were in the 
order: feedstock > hydrochar > hydrochar-biochar mix > control ≥ biochar, p = 0.001) 
(Figure 2-1 A and B). In the period prior to slurry application, CO2 emissions were 
significantly reduced in the biochar treatment (81 % of the control). After slurry 
application, no differences were observed between biochar and the control treatment. 
Highest emissions (587 % of the control) were found in the feedstock treatment. After 
slurry amendment, the CO2 losses from feedstock and hydrochar treatments had 
accumulated to 465 and 304 % of the CO2 emissions from the control. With 198 % of the 
control, the emissions from the hydrochar-biochar mix were in between the pure biochar 
and hydrochar treatments (Figure 2-1). 
The comparison of the carbon losses determined by the measurement of the bulk C 
differences and the losses calculated from the cumulative CO2 emissions are given in Table 
2-3. 
The cumulative CO2-C-loss was not significantly different from the C loss based on the 
difference in bulk-C measurements during the experiment (Table 2-3). Averaged over both 
methods, the carbon losses from the feedstock treatment were highest, amounting to 
11.7 % loss of the initial carbon (SOC+amended carbon). Compared to the feedstock (set 
to 100 %), the C loss rates were reduced in the other treatments. In the hydrochar 
treatment, the carbon losses were only 56.1 % of the initial carbon, while no C was lost in 
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the biochar treatment. The C-losses from the hydrochar-biochar mix treatment lay with 
44 % in between the losses of the pure hydro-and biochar treatments. 
2.4.1.3 N2O emissions 
Nitrous oxide emissions generally were much lower before slurry addition than after, but 
they followed a similar order being highest from the feedstock treatment, followed by the 
hydrochar and the hydrochar-biochar mixes and the control treatment. Biochar was the 
only C-additive which significantly reduced N2O emissions, compared to all other 
treatments (Figure 2-1 C and D). Slurry application caused N2O emission peaks in all the 
treatments, with biochar and control showing the largest peaks (8 and 12 µg N kg
-1
 h
-1
) and 
hydrochar showing the lowest emission peak (2 µg N kg
-1
 h
-1
) (Figure A.2-1). The 
hydrochar-biochar mix´ peak was only slightly larger than that of the pure hydrochar 
treatment. 
Observation of the cumulative emissions revealed that feedstock increased the N2O 
emissions of the soil by about 600 % compared to the control. Biochar amendment led to a 
significant reduction of N2O emissions (54 % of control); even when biochar was mixed 
with hydrochar, the reduction persisted so that cumulative N2O emissions amounted to 
only 58 % of those from the control treatment (Figure 2-1 D).  
2.4.1.4 CH4 uptake and emissions 
At the beginning of the incubation experiment, the grassland soil exhibited a CH4 oxidation 
capacity, which was enhanced after C additions. This behavior was most prominent in the 
biochar and biochar-hydrochar treatments (Figure 2-1E). Slurry addition caused short CH4 
emission outbursts, especially from the hydrochar treatment, and subsequently had an 
effect on the oxidative capacity of the pure soil in the period after slurry addition (Figure 
A.2-1). Independently of the type of C addition, cumulative CH4 oxidation rates were on 
average in all treatments more than twice the oxidation rates in the control treatment (229 
% on average, Figure 2-1 E and F). 
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Table 2-3: Carbon contents [g kg-1 dw] of the soil and the soil-C-substrate mixtures in the incubation experiment 
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Soil 36.0 33.7 ± 1.65 2.3 1.0 1.7 n.s. 4.6 -  
Soil+feedstock 44.6 38.9 ± 12.0 5.6 4.8 5.2 n.s. 11.7 3.8 100.0 
Soil+HTC 44.3 42.3 ± 5.71 1.9 3.1 2.5 n.s. 5.7 2.1 56.1 
Soil+BC 43.8 42.1 ± 0.55 1.7 1.0 1.4 n.s. 3.1 0.0 0.0 
Soil+HTC+BC 44.0 42.1 ± 2.94 1.9 2.0 2.0 n.s. 4.5 1.0 26.9 
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Figure 2-1: Cumulative GHG fluxes (CO2, N2O, CH4) from the soils with standard deviation in the 
incubation experiment, before (left) and after (right) slurry amendment. Numbers mark percental 
differences in the cumulative flux compared to the control. Letters mark significant differences 
between the treatments. 
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2.4.1.5 Nmin concentrations and plant growth experiment 
At the end of the incubation period and before Lolium growth, the Nmin concentrations of 
the incubated soils and soil mixtures were 187.5 ± 43.9 µg NO3-N g
-1
 soil (-mix) on 
average, with no significant differences between the treatments, and nearly zero (3.98 ± 
3.96 µg NH4
+
-N g
-1
 on average) for NH4
+
-N, with significantly higher ammonium 
concentrations in the hydrochar-biochar mix treatment (p < 0.001, Table 2-4).  
 
Biomass growth (Lolium perenne yield) was stimulated by all substrate amendments up to 
the first harvest but was significantly higher only in the biochar and hydrochar treatments 
compared to the control (+42 % and 32 %, respectively). The second harvest showed an 
equally strong biomass growth which was similar for all treatments. Overall, only biochar 
led to a significant improvement of biomass growth, resulting in yield increases of 
+28.9 %, compared to the control soil. 
A positive correlation was observed (R² = 0.338, p < 0.007) between the initial NO3
-
 
concentration and the biomass yields, with highest NO3
-
 concentrations being associated 
with pure hydrochar (189 mg N kg
-1
) and biochar treatments (223 mg N kg
-1
).  
2.4.1.6 pH values 
The pH values of the pure C-substrate materials were very diverse, with hydrochar being 
slightly acidic (pH 5.15), biochar alkaline (pH 10.12) and the feedstock about neutral (pH 
6.82). Mixed with soil (before slurry application), biochar slightly increased the pH of the 
soil-substrate mix (pH 6.2) compared to the control (5.81), even if biochar was mixed with 
hydrochar (hydrochar-biochar mix, pH 6.2). Slurry amendment lowered the pH values by 
about 1.5 units (paired t-tests, p<0.01) (Table 2-5). 
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Table 2-4: Soil Nmin [mg/kg soil mix] at the end of the laboratory incubation experiment (mean ± standard deviation, n=4). The asterisk marks a 
significant difference compared to the control (p<0.001). 
Treatment NH4
+
-N [mg kg soil mix
-1
] NO3
-
-N [mg kg soil mix
-1
] 
Control 1.71 ± 1.33 164.6  ± 19.8 
Soil+feedstock 3.28 ± 2.2 177.7  ± 76.0 
Soil+hydrochar 1.19 ± 0.26 189.1  ± 17.0 
Soil+biochar 1.7 ± 1.91 223.5  ± 12.8 
Soil+hydro+biochar 10.38 ± 2.65* 182.7  ± 55.0 
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Table 2-5: Mean pH values, (H2O) of the substrates, substrate-soil-mixtures before and after slurry addition in the laboratory incubation experiment 
(n=4). 
 
Materials pH The beginning of experiment pH The end of the experiment pH 
Soil 5.8 Soil 5.8 Soil+slurry 4.5 
Feedstock 6.8 Soil+feedstock 5.9 Soil+feedstock+slurry 4.5 
Hydrochar 5.2 Soil+hydrochar 5.8 Soil+ hydrochar +slurry 4.6 
Biochar 10.1 Soil+biochar 6.2 Soil+biochar+slurry 4.8 
Hydrochar -biochar-mix 7.3 Soil+ hydrochar +biochar 6.2 Soil+ hydrochar +biochar+slurry 4.7 
Pig slurry 7.7 
    
Chapter 2: Biochar, hydrochar and uncarbonized feedstock application to permanent grassland – effects on greenhouse 
gas emissions and plant growth 
 
50 
 
2.1.1 Ammonia emissions 
The NH3-N emission losses from the feedstock treatment were highest, with 22 % of the 
NH4
+
-N applied being lost as NH3 in the first 30 hours after slurry amendment.  The 
biochar mixture had N losses summing up to 12 %. Emissions from the control and 
hydrochar treatments did not differ significantly and were low with 0.8 and 3.74 % of 
NH4
+
-N lost as NH3, respectively. Beside the amount of NH3-N emissions, also the 
duration of the emissions differed among the treatments; most of the NH3-N emissions 
from the hydrochar and control treatments occurred during the first five hours after slurry 
application; and were close to zero afterwards. Emissions from the biochar treatments were 
initially very high with an emissions peak in the first hour after slurry application, followed 
by a rapid decline to the control soil level within three hours. The emissions from the 
feedstock treatment, however, showed a different behavior, with a rather slow increase and 
decrease of the emissions, peaking after about three hours (Figure 2-2).  
 
Figure 2-2: NH3-fluxes from the soils in the greenhouse, measured with a closed chamber after slurry 
application. 
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2.4.2 Field experiment 
2.4.2.1 Ecosystem respiration: CO2 emissions in the dark 
Ecosystem respiration (Reco) over 18 months was lowest in the biochar treatment, followed 
by fluxes from the hydrochar treatment, and the feedstock and control treatments (Figure 2-
3 B). Slurry application events were not followed by CO2 emission outbursts in the field, in 
contrast to the incubation experiment. Additionally, biomass in the GHG plots was not 
different between treatments, though showing the same tendencies as did the larger harvest 
plots (data not shown). We therefore argue that biomass in the GHG measurement plots 
can likely be ruled out as a major influencing factor on the ecosystem respiration in the 
field experiment. 
A polynomial correlation was observed between Reco and air temperature (R² = 0.403, 
r = 0.755). Low temperature in winter caused a period with low Reco values from October 
2011 to March 2012 (winter dormancy). Extreme events with exceptional high or low 
fluxes were associated with high and low precipitation events, but a lack of extreme event 
data limits statistical evidence. 
2.4.2.2 Nitrous oxide emissions 
N2O emissions of the feedstock-amended plots were significantly higher than emissions 
from all other treatment plots (p < 0.0001), despite existing block effects, as indicated by 
large standard errors. No significant difference between the other treatments was found 
(Figure 2-3 C). Frost-thaw events or recurrent strong precipitation events stimulated N2O 
emissions in all treatments; during a frost-thaw event in winter 2011/2012, N2O emissions 
were highest from the hydrochar plots (158.9 % of control), followed by emissions from 
the feedstock plots (119.2 %) and biochar-amended plots (65.8 %) but the differences were 
not significant.  
2.4.2.3 CH4 emissions 
As in the incubation study, methane fluxes in the field were dominated by net microbial 
methane oxidation i.e. net CH4 uptake into the soil. Methane emissions were observed 
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from all treatments within 1-2 days of slurry application from all plots. The extent of these 
peaks was dependent on slurry composition (dry matter content), as well as abiotic factors 
such as temperature, affecting microbial activity. Therefore, CH4 emissions after slurry 
amendment were higher in spring than in autumn (Figure 2-3 D). Methane emissions were 
highest from biochar amended plots after the slurry applications, creating the lowest 
overall net methane oxidation values (insert in Figure 2-3 D). However, excluding the 
upper and lower 1 % off the data set (i.e. extreme outgassing events), the CH4 flux 
characteristics were different, with biochar showing significantly higher mean CH4 
oxidation rates (-35.3 µg m
-
² h
-1
) than the feedstock (-32.7 µg m
-
² h
-1
), hydrochar (-31.4 µg 
m
-
² h
-1
) and control plots (-33.1 µg m
-
² h
-1
), see Figure A.2-3.  
2.4.2.4 pH  
The carbon amendments caused pH changes among treatments only in the upmost two cm 
of the soil layer. Due to top dressing, the additives were not mixed with the soil at the start 
of the experiment, though they had mixed a little in May 2012 (caused by the vegetation 
growing through the C substrate layers) leading in tendency to increased pH values in the 
biochar plots (6.1 ± 0.4) compared to the control plots at the soil surface (5.4 ± 0.2) 
(p<0.05, two-sided t-test). A pH decline, as in the lab experiment, was thus not observed in 
the field. 
2.4.2.5 Biomass yield and composition from the field experiment 
The three-factorial ANOVA showed significant differences in the overall biomass yield, 
due to treatment (p<0.036), harvest season (on average 284.4 g m
-
² in spring and 253.3 g 
m
-
² in autumn, p<0.001) and harvest year (on average 348.77 g m
-
² in 2011, and 726.63 g 
m
-
² in 2012). A Post-hoc-test (Fisher LSD) revealed significant differences (p<0.006) 
between biomass of the hydrochar and control treatments for both years (1014 g m
-
² vs 
1137.8 g m
-
², i.e. -10.0 % with hydrochar, Figure 2-4 C). The lowest biomass yields in 
2011 were measured from the hydrochar amended plots, which was a result of a significant 
reduction of grass (but not of forbs or legumes) biomass on these plots compared to the 
others (Figure 2-4 A). In the second year 2012, grass biomass in all C-amended plots was 
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significantly reduced compared to the control plots, but was lowest in the biochar plots, 
amounting to only 60 % of the grass yield from the control plots. Interestingly, in the 
biochar plots, the reduced grass biomass was more than compensated for by forb biomass, 
being significantly higher than in all other treatments (Figure 2-4 B), resulting in an overall 
(2011+2012) significant positive growth effect of biochar on forbs and an impeding effect 
of carbon amendment on grass growth  (Figure 2-4 C). Leguminous biomass was low (on 
average 1 % of the total yield), and was not significantly affected by any of the treatments.  
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Figure 2-3: GHG fluxes from the soils in the field experiment. A: air temperature at 2m above ground and 
precipitation, B: CO2 emissions, C: N2O emissions and D: Methane fluxes. Bar graphs (green and gray) mark 
slurry application events and biomass harvests. Error bars mark the standard error. The inserts show the mean 
of the whole experimental period with standard deviation and labels for significant differences (p<0.05) 
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Figure 2-4: Illustration of the biomass harvests from the field plots in A=year 2011, B=year 2012 and C=sum of both years (2011+2012, note different scale). Letters 
mark significant differences between the plant functional groups (grasses, forbs and legumes) according to the different treatments. Asterisks mark significant overall 
differences between the treatments over the two years 2011 and 2012, as well as across all three plant functional groups. 
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2.5 Discussion  
2.5.1 Soil and ecosystem respiration and C stability 
We measured soil respiration in the incubation (experiment without plants) and ecosystem 
respiration (Reco) in the field (experiment with plant cover). In the field, plant growth in the 
GHG measurement plots was not significantly different among treatments. Thus, we argue 
that significant effects observed in the field were predominantly related to differences in 
soil respiration. 
In the incubation study, soil CO2 efflux was reduced in the biochar treatment before slurry 
application, whereas hydrochar and feedstock increased the emissions from the incubated 
soil mixtures. These results are in line with other biochar incubation studies where a 
reduction of CO2 emissions has been identified (Van Zwieten et al., 2010b; Liu et al., 
2011). Moreover, the study by Van Zwieten et al. (2010b) showed, like our study, 
increased CO2 emissions from soil mixed with more labile C additives, such as green waste 
or, in our case, Miscanthus feedstock or hydrochar material. In particular, the H/C ratio 
may serve as a good indicator of stability, with high ratios pointing to low stability against 
degradation (Van Zwieten et al., 2010b; Schimmelpfennig and Glaser, 2012). Evidently, 
the H/C ratio of the green waste used as feedstock by Van Zwieten et al. (2010b) (1.35) 
and our feedstock and hydrochar material (1.62 and 1.35), are in good agreement, 
indicating quick degradability of the substrates. 
No significant changes in soil CO2 emissions due to biochar amendment have been found 
in incubation experiments by Kammann et al (2012), Spokas and Reicosky (2009) or 
Zavalloni et al. (2011), whereas significantly higher emissions were generated by 
hydrochar-soil mixtures compared to the pure soil control (Kammann et al., 2012). The 
lack of an effect from biochar on soil respiration could be due to the soil types used in the 
cited studies and may be related to the SOC contents, being much lower (1.0 / 2.2 / 2.6 %) 
compared to the grassland soil used in this study (SOC 3.5 %). 
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The degradation sequence of the materials (feedstock > hydrochar > biochar) observed in 
our incubation study is in line with results of Qayyum et al. (2012) with wheat straw 
showing highest CO2 emissions, followed by bark-hydrochar and finally biochar (charcoal) 
which was similar to pure soils (an Oxisol and Alfisol, respectively). Short-term increases 
in soil respiration after biochar amendment to soil, as reported in many other studies (Luo 
et al., 2011) have not been observed here but could have been masked by the high CO2 
peak emission events of all treatments following slurry addition. Despite the observed 
overall reduction of CO2 emissions in our laboratory experiment, biochar did not reduce 
the degradation of hydrochar, if both materials were mixed at equal shares in the 
incubation study. Results of Zavalloni et al. (2011) are in agreement with this behavior: in 
their study, degradation of wheat straw could also not be decelerated by the addition of 
biochar. 
A reduction of the overall CO2 emissions from soil amended with biochar, measured using 
stable isotope techniques (i.e. a negative priming of SOC by biochar amendment) has also 
been found by Cross and Sohi (2011) who compared the effects of sugarcane bagasse 
biochar, produced at different temperatures, on the SOC priming of fallow soil, agricultural 
soil and grassland soil. Only in the grassland soil with the highest SOC content of 3.64 % 
they found a negative priming effect of biochar on SOC, comparable to our results. Also, 
Jones et al. (2011) incubated a grassland soil (SOC 3.5 %) and found a negative priming of 
SOC after hardwood biochar amendment. Reasons for negative priming effects by biochar 
have been discussed as (1) pH-induced change in the microbial community, although such 
shifts occur rather as long-term effects, as (2) sorption interactions of biochar with 
extracellular enzymes which play an important part in SOM breakdown or (3) as shifts in 
microbial metabolism (Jones et al., 2012). Moreover, (4) an inhibition of nitrifying bacteria 
due to ammonium adsorption to biochar surfaces (Ding et al., 2010; Taghizadeh-Toosi et 
al., 2011b) may explain reduced soil respiration. Such a behavior was also found with 
reduced N2O emissions, as observed in the incubation study. Furthermore, (5) adsorption 
of native SOM on biochar surfaces has been reported (Borchard et al., 2012) and seems to 
be a function of native soil organic carbon content as well as of biochar production 
temperature and feedstock, which essentially control the surface area of the biochar (Cross 
and Sohi, 2011; Schimmelpfennig and Glaser, 2012).  
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In the field study, biochar amendment caused a significant reduction in Reco emissions 
during the experimental period of 1.5 years. No data on the effects of top-dressed biochar 
on GHG fluxes, or from other field studies in temperate grasslands are available so far. 
However, biochar field studies with agricultural crop use or plowing reported no effects on 
soil respiration at levels up to 20 t/ha (Castaldi et al., 2011; Karhu et al., 2011; Zhang et 
al., 2012), or increased CO2 emissions from soils amended with 40 t biochar ha
-1
 (Zhang et 
al., 2012). In addition to the amount of biochar applied, the feedstock and its elemental 
composition and the production temperature, and thus volatile matter content, seem to 
predominantly influence the degradation dynamics (Zimmerman et al., 2011; Ippolito et 
al., 2012; Singh et al., 2012; Ameloot et al., 2013a). For the amended soil, next to its TOC 
content, texture has been proposed as an important variable influencing biochar 
decomposition and stabilization (Cross and Sohi, 2011; Hilscher and Knicker, 2011; 
McCormack et al., 2012).  
In the field experiment, the two more labile carbon substrates, feedstock and hydrochar, 
did not promote higher Reco (i.e. mineralization rates). This is in contrast to Gajić and Koch 
(2012) who found that soil respiration was stimulated due to fast degradation of hydrochar 
material in the first year of a plowed field experiment, especially after mineral nitrogen 
supply. Since our carbon substrates have been top dressed onto the field, the fast 
degradation of the labile carbon substrates as seen in the incubation and found by Gajić 
and Koch (2012) could have been limited because of spatial separation of the substrates 
and the active soil layer.  
Slurry amendment stimulated CO2 emissions in the incubation and field experiment, 
leading to CO2 emission peaks. Emission peaks were likely induced by carbon compounds 
readily available for microorganisms contained in slurry, enhancing metabolic turnover 
rates and soil respiration (Focht et al., 1979; Chantigny et al., 2001; Bol et al., 2003). 
However, these stimulating effects were found to be less prominent in the field. Slurry may 
have infiltrated the soil profile in the field, which is impossible in a closed incubation 
vessel. Increases in ecosystem respiration following slurry application were observed in 
spring 2011, and especially in spring 2012. This was likely a result of the varying dry 
matter- and thus C-content of the slurry (Table 2-2). Interactions of the carbonaceous 
additives with slurry at initiation of the experiment (outgassing of CO2 due to slurry 
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carbonates) could have caused immediate CO2 losses during mixing prior to application, 
thus measured fluxes in spring 2011 likely underestimate the real emissions. 
2.5.2 Nitrous oxide emissions  
In our study, a strong reduction of N2O emissions was observed when biochar was mixed 
into the soil, but not when it was top-dressed (for density of biochar cover see Figure A.2-
2).  
Significant reduction in N2O emissions with biochar addition, as found in the incubation 
study, is now a widely reported phenomenon. It was observed with very different biochars 
in controlled incubation studies with various soils (Spokas and Reicosky, 2009; Cayuela et 
al., 2010; Bruun et al., 2011; Case et al., 2012; Cheng et al., 2012; Kammann et al., 2012; 
Yoo and Kang, 2012; Ameloot et al., 2013a; Cayuela et al., 2013), also in comparison with 
other C additives (Cayuela et al., 2010), in greenhouse experiments with plant presence 
(Aguilar-Chávez et al., 2012; Kammann et al., 2012; Saarnio et al., 2013), and even in the 
presence of N2O-producing earthworms (Augustenborg et al., 2012). The relative 
reduction of about 50 % observed in this study is comparably large in relation to the 
biochar addition rate (1.3 % w/w) when compared to the above-mentioned studies. 
Emissions continued to be reduced throughout the incubation period, although the 
extractable N contents of the biochar-soil treatment were not different from the other 
treatments at the end of the incubation period. As reasons for reduced N2O emissions, 
physico-chemical sorption of N2O on biochars (Van Zwieten et al., 2009; Cornelissen et 
al., 2013), or N immobilization/adsorption in a non-extractable form, reducing the 
available mineral N for N2O production (Hua et al., 2009; Ding et al., 2010) have been 
discussed, although the exact mechanisms are not understood yet (Cornelissen et al., 
2013).  
Moreover, a more complete denitrification towards N2 can cause reduced N2O emissions 
(Sahrawat and Keeney, 1986), although changes in soil pH as underlying mechanism have 
not been observed (Table 2-5). Nonetheless, either small scale pH effects in the vicinity of 
the biochar particles, provision of electrons from biochar to denitrifying bacteria, or 
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increased NosZ gene expression in denitrifiers are all potential mechanisms leading to a 
complete reduction towards N2 (Cayuela et al., 2013; Harter et al., 2014). 
NH3 or NH4
+
 sorption onto biochar as reasons for N2O emissions reductions, as observed 
by Taghizadeh-Toosi et al., (2011b) are not likely in our experiments, since we observed a 
NH3 emission outburst from biochar-slurry mixtures, likely due to the alkaline pH of the 
biochar. Generally, only a total N balance including NOx- N2 or NH3 losses could elucidate 
all effects of biochar on the N-cycle. 
In the field experiment, the lack of N2O emission reductions with biochar amendment is 
likely due to top-dressing. Reduction mechanisms involving the soil-biology matrix have 
thus not evolved so far. Evidently, in all studies from which reduced N2O emissions from 
field measurements have been reported so far, biochar was mixed (plowed) into the soil 
(Liu et al., 2011; Taghizadeh-Toosi et al., 2011a; Zhang et al., 2012). In the incubation, 
feedstock started to degrade substantially after slurry application, triggering N2O 
emissions. In the field, significantly increased N2O emissions were only observed after 
more than one year, however, without indications for increased decomposition. Physico-
chemical weathering of the Miscanthus straw, downward migration to the microbially 
active root-mineral soil interface zone, combined with slurry addition and thus varying soil 
moisture conditions, finally may have initiated its degradation when it was warm in 
summer 2012. Generally, slurry application has been found to promote denitrification by 
creating anaerobic environments and providing an energy source to denitrifying bacteria or 
co-denitrifying fungi (Beauchamp et al., 1989; Laughlin and Stevens, 2002; Laughlin et 
al., 2008). A correlation of denitrificatory N2O losses and labile carbon (i.e. water soluble 
carbon) availability may explain the emissions from the feedstock treatment (Burford and 
Bremner, 1975; Laughlin and Stevens, 2002; Laughlin et al., 2008). 
In the incubation and the field study, hydrochar had no effect on N2O emissions before or 
after N-fertilization with slurry. This is in contrast to observations by Kammann et al. 
(2012) where bark and beet hydrochars significantly increased N2O emissions after mineral 
N fertilization, but not before. This discrepancy might be due to differences between the 
two hydrochars (beet and bark, vs. Miscanthus) or, more likely, to the moisture regimes. In 
our experiment, aeration of the soil due to carbon amendments is not likely an explanation, 
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because hydrochar and feedstock would have caused a higher aeration than biochar, but in 
these treatments no N2O reduction was observed. 
The hydrochar-biochar mixtures’ N2O emission sum before slurry application was similar 
to that of pure hydrochar or the control. After slurry application it was similar to the pure 
biochar amended treatment. The difference in behavior before and after slurry application 
may be related to mineral N adsorption by biochar, nitrate in particular (Kammann et al., 
1998; Clough et al., 2013; Kammann et al., 2013; Prost et al., 2013), reducing 
denitrificatory N2O emissions. Adsorption of labile carbon compounds e.g. from hydrochar 
onto biochar, as observed during composting (Prost et al., 2013), or quick degradation of 
hydrochar during the first weeks (Libra et al., 2011) is no likely explanation for the 
observed reduction in hydrochar-biochar N2O emissions here, since the mineralization rate 
as measured by CO2 emissions remained unchanged.  
N2O peaks due to slurry amendment, frost-thaw events and varying moisture regimes of 
the soil as observed in the field study over 1.5 years are well known from previous studies 
(Clayton et al., 1997; Flessa et al., 1998; Kammann et al., 1998; Allison, 2005; Matzner 
and Borken, 2008; Zimmerman et al., 2011). N2O peak emissions due to slurry amendment 
in May 2012 are in a typical range for grassland on clayey soil with a duration of up to 
three weeks after application (Monaghan and Barraclough, 1993; Allen et al., 1996). A 
positive correlation of N2O emissions from nitrification with soil temperature has been 
reported (Sahrawat and Keeney, 1986; Maag and Vinther, 1996), and together with the 
high ammonium content and dry matter value of the slurry in May 2012 might be the 
reason for the prominent peak at the time. N2O emissions from frost-thaw events though 
were found to originate mostly from nitrate leaking out of frozen cells, readily available for 
denitrification (Müller et al., 2002).  
2.5.3 CH4-fluxes  
Results from the incubation experiment show that various carbon additions to a clayey 
loam grassland soil can enhance the potential for methane oxidation. These results point to 
the well-known aeration effect demonstrated for biochar (Case et al., 2012), leading to an 
improved oxygen diffusion into the soil and thus a better oxygen and atmospheric methane 
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supply for methanotrophic bacteria (Castro et al., 1994; Castro et al., 1995; Czepiel et al., 
1995). Nevertheless, the expected sequence of a pure aeration effect, simply due to the 
amount of substrate added to the soil (control < biochar < hydrochar+biochar < hydrochar 
< feedstock), differs from the sequence that was actually measured (control < hydrochar < 
biochar < feedstock < hydrochar+biochar); all C additives had nearly the same CH4-
consumption promoting effect. The second explanation might be NH4
+
 adsorption by 
hydrochar and biochar, or N immobilization by a larger soil microbial population with 
feedstock and hydrochar. This may have allowed CH4 consumption activity to continue 
while methanotrophs were likely inhibited by the slurry-applied NH4
+
 in the control 
(Bédard and Knowles, 1989; Gulledge et al., 1997). 
Under field conditions, only the biochar top-dressing resulted in an overall increase in 
methane oxidation (after exclusion of the methane outbursts due to slurry application 
which may have been derived from the slurry itself, Figure A.2-3). This is in line with the 
findings of Karhu et al., (2011). Besides the aeration effect or adsorption of NH4
+
 to 
biochar surfaces (Ding et al., 2010), further mechanisms for an increase in CH4 oxidation 
may be adsorption of CH4 to biochar surfaces, metals potentially contained in biochar 
catalyzing CH4 oxidation, or growth stimulation of methanotrophic populations (Van 
Zwieten et al., 2009; Feng et al., 2012).  
Short-lived CH4 emission peaks from temperate soils due to slurry amendment as observed 
in the incubation and field study likely originate from dissolved methane contained in the 
slurry (Hütsch, 2001; Sherlock et al., 2002). Furthermore, short-chained volatile fatty acids 
(C2-C6) from slurry are easily available to methanogenic Archaea (Hrapovic and Rowe, 
2002) and can result in short-term methane emission outbursts (Sherlock et al., 2002). The 
CH4 emission peaks after slurry amendment in the field occurred only in spring and were 
especially large in spring 2012. This may have been related to the high dry matter content 
of the slurry applied at that time (Table 2-2). Slurry with low dry matter content can 
infiltrate quickly and thus keep CH4 emissions from the slurry itself low, whereas a high 
dry matter content and a thereby low infiltration rate generates higher emissions from the 
slurry itself (Chadwick and Pain, 1997; Amon et al., 2006). 
In the field, the observed pH increase may explain the enormous emission peak in the 
biochar plots at the beginning of the field experiment and, weakened, in May 2012. The pH 
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of 6.1 from the biochar plots, compared to a pH of 5.4 in the control plots may have 
promoted methanogenic Archaea with a pH optimum of 7 (Amaral et al., 1998). Thus, a 
larger Archaeal population may temporarily have increased CH4 emissions in the biochar 
treatment (Clemens and Wulf, 2005), until it declined due to the oxic environment. This 
theory is supported by the fact that the (liquid) slurry: biochar ratio was higher in the 
biochar treatments and thus the obligatory anaerobic methanogens had better conditions to 
subsist.  
Contrariwise, methanotrophic bacteria existing especially in slurry crusts could have led to 
an increase of the population of methanotrophs in the soil (Petersen et al., 2005), leading to 
the increase in methane oxidation after the slurry initiated emission peak, as observed in 
the incubation study (Figure 2-1 E and F).  
2.5.4 NH3-emissions 
A high pH buffer capacity of the slurry amended soil as well as low ammonia and CO2 
concentrations in the surrounding atmosphere have been described as the main factors for 
evolvement of NH3 emissions from slurry application (Vandré, 1997).  
Slurry usually contains urea as the dominant N form. During storage, urea is converted via 
hydrolysis by H2O and the enzyme urease to NH4
+
 and CO3
-
 , until a chemical equilibrium 
is reached (Vandré, 1997). This equilibrium is preserved until slurry comes in contact with 
the soil-atmosphere system. With rising pH, an acceleration of the reaction towards NH3 
and CO2 outgassing can occur. As CO2 release consumes protons and NH3 release 
dispenses protons these two processes trigger each other. Moreover, degradation of slurry-
borne volatile fatty acids by soil microorganisms leads to a pH increase and could also 
stimulate NH3 emissions (Sørensen, 1998). 
The largest NH3 emissions observed from the feedstock treatment may be explained by the 
large surface exposure of the slurry to the surrounding ammonia-depleted atmosphere with 
the larger mass of Miscanthus feedstock applied compared to the masses of the other C-
additives (Sommer and Hutchings, 2001). Another factor for higher gaseous losses 
especially from the feedstock treatment could be the retarded infiltration rate. In the control 
treatment (pure soil), slurry infiltrated quickly and likely was absorbed by clay mineral 
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surfaces so that the lowest overall NH3 emissions were observed. The hydrochar caused the 
lowest NH3 losses of all three C additives, possibly due to its acidic pH of 5.1 or microbial 
N immobilizing capacity (Gajić and Koch, 2012). 
In general, the amount of nitrogen lost from the feedstock and biochar treatments (22 and 
12 % of the NH4
+
-N) in the form of NH3 is not extraordinarily high and is consistent with 
other studies in which pig slurry was broad-spread on grassland, although field and lab 
studies cannot be compared directly. The reported amounts of NH3-N lost in % of total N 
applied range from 8 % to 35 % (Pain et al., 1989; Sommer et al., 1997; Sommer and 
Hutchings, 2001; Misselbrook et al., 2002). Under favorable conditions though, NH3-
emissions after pig slurry application only amounted to about 5 % (Gronauer, 1993), which 
is in line with our control and hydrochar treatment results (0.8 and 3.7 %). Thus, the use of 
all three C additives neither resulted in detrimental NH3 outbursts, nor can the interactions 
be judged as beneficial in reducing NH3 losses below the control. However, using acidic 
rather than alkaline chars produces lower NH3 losses, as described by Chen et al. (2012) 
and Taghizadeh-Toosi (2012). Moreover, incorporation of biochar into soil with 
subsequent slurry application resulted in significant NH3 emissions reductions 
(Taghizadeh-Toosi et al., 2012), indicating the importance to consider possible differences 
of biochar-slurry and biochar-soil-slurry matrices. More high-frequency measurements in 
the field are clearly necessary to assess chances and risks regarding NH3 emissions after 
slurry-char and slurry-char-soil applications. 
2.5.5 Biomass yield and composition 
In the greenhouse pot experiment following the incubation, each C-additive stimulated 
Lolium perenne growth above the control; this was significant for hydrochar and biochar at 
the first harvest. The stimulation may be explained by higher SOC contents and 
consequently increased water retention, proven by higher WHC of all C-amended 
treatments compared to the control. Furthermore, since higher nitrate concentrations 
mostly in the hydrochar and biochar treatments significantly correlated with the yield 
increases, it is likely that reduced N losses during the incubation may have promoted plant 
growth. N retention and increased nitrate amounts are in agreement with other studies on 
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reduced nitrogen leaching from biochar amended soils (Beck et al., 2011; Bell and 
Worrall, 2011; Knowles et al., 2011; Ventura et al., 2013). However leaching did not play 
a role here in the closed incubation vessels, and in the pot study care was taken not to drain 
the pots; thus only reduced gaseous losses can explain the differences. For hydrochar, 
reduced NH3 losses (compared to feedstock and biochar) and for biochar halved gaseous 
N2O losses could possibly serve as indications for an improved N retention. 
Detrimental growth effects by the use of hydrochar, as observed by Gajić and Koch (2012), 
Pielert et al. (2012), Rillig et al. (2010), Busch et al. (2012) or Bargmann et al. (2012) 
were absent after the incubation. These results point to the decomposition of inhibitory or 
toxic substances over time, as observed earlier by Busch et al., (2012). In the field study, in 
contrast, hydrochar significantly reduced biomass growth within 18 months; the reduction 
was most prominent at the harvest in the first year after application. Production-derived, 
phytotoxic (volatile) organic components (Bischoff et al., 2012; Becker et al., 2012; Busch 
et al., 2012) and/or microbial immobilization of nitrogen resulting in N-limitation of plants 
(Nelson et al., 2011; Bargmann et al., 2012; Gajić and Koch, 2012) have been discussed as 
reasons for the adverse effects of hydrochar on plants. Our results indicate that detrimental 
compounds reduced plant growth even via top-dressing in the field experiment. N 
immobilization effects, as proposed by Gajić and Koch (2012), are less likely after four 
repeated slurry applications during the experimental period and two consecutive growing 
seasons. Grasses were stronger reduced by hydrochar than forbs, especially in the first year 
of the experiment; other studies report reduced growth for species of all plant functional 
groups (Taraxacum sect. ruderalia, Trifolium repens, Allium ampeloprasum, Beta vulgaris 
subsp. vulgaris or Zea mays) (Rillig et al., 2010; Bargmann et al., 2012; Busch et al., 
2012; Gajić and Koch, 2012; Pielert et al., 2012). More research is urgently needed to 
identify the inhibiting mechanisms and substances and possible risks associated with 
hydrochar.  
In the biochar treatment, the reduction of grass biomass growth was more than 
compensated for by increased forb growth. Van de Voorde et al. (2014) observed 
something similar: In their 2012 established field experiment, a grassland seed mixture of 
18 species was sown into biochar amended soil, resulting in higher biomass of individual 
plants as well as increased abundances of legumes compared to the control plots. Improved 
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availability of micronutrients by biochar as Ca, K and Mg rich ashes, or pH induced 
changes could have changed plant community composition (Laser, 2007). Further harvests 
in the field study, as time progresses, will reveal if the shift is a lasting phenomenon. 
2.6 Conclusions 
Our hypothesis of a degradation rate in the order biochar < hydrochar < feedstock was 
confirmed by the results of the incubation study and priming effects of biochar on 
hydrochar degradation or vice versa were not observed. In the field, increased CO2 
emissions from the degradation of the carbon amendments have not been observed; biochar 
even lowered the emissions significantly compared to the control plots.  
The hypothesis that hydrochar would reduce plant growth was confirmed by results from 
the field study. Surprisingly, this detrimental effect was alleviated after pre-incubation with 
slurry for three months prior to sowing, probably due to degradation of toxic components 
by microbes. Biochar amendment significantly increased Lolium yields in the pot 
experiment and shifted the plant community towards forbs in the field. The appraisal of 
such a shift however, will depend on the needs of the farmer and intended land use 
management.  
Our third hypothesis, that biochar would reduce CO2 and N2O emissions while improving 
methane oxidation, was observed, though more pronounced in the incubation than in the 
field study. Further downward migration of the carbon amendments, by bioturbation in the 
field, will elucidate if the interactive effect of biochar and the soil matrix will lead to 
reduced N2O emissions from the field site, as in the incubation study. Ammonia 
measurements revealed a risk of NH3 losses from feedstock and biochar-slurry mixtures, 
while results with the more acidic hydrochar suggest that this risk can be avoided either if a 
biochar is acidic or acidified before it is mixed and applied with slurry. Moreover, the risk 
of ammonia emissions is probably curbed if biochar is mixed with soil. Taken together, by 
the results obtained here, we identify biochar as the most suitable soil C amendment, 
compared to untreated feedstock and hydrochar, when C sequestration is the central aim 
(Table 2-6): it was most recalcitrant, had a positive effect on GHG fluxes and had 
Chapter 2: Biochar, hydrochar and uncarbonized feedstock application to permanent grassland – effects on greenhouse 
gas emissions and plant growth 
 
67 
 
beneficial rather than unwanted effects on plant growth. Thus, biochar has the potential to 
become a climate mitigation tool integrated in grassland management.  
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Table 2-6: Overview on the effects of carbon amendments (feedstock, hydrochar and biochar) on GHG and ammonia emissions as well as on plant 
growth in the incubation (left) and the field experiment (right). Effects are shown in comparison to the control treatment. Plus stands for beneficial 
effects, minus for adverse effects on the measured parameters. The plus in brackets marks the positive effect of biochar on methane emissions after 
cutting the upmost and lowest 1% of the data. The minus in brackets stands for significantly higher NH3 emissions from the biochar treatment 
compared to the control but at the same time significantly lower emissions compared to the feedstock treatment. 
 
 
 
Incubation  study Field study 
Feedstock Hydrochar Biochar HTC+BC mix Feedstock Hydrochar Biochar 
CO2 _ _ ~ _ ~ ~ + 
N2O _ ~ + ~ _ ~ ~ 
CH4 + + + + ~ ~ (+) 
NH3 _ ~ (-)   
Plant growth ~ ~ + ~ ~ _ ~ 
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2.8 Appendix 
 
Figure A. 2-1: GHG emissions (CO2, N2O and CH4) from the incubation experiment (92 days). A,C and 
E depict means and standard deviation of the fluxes as measured at the different time points, B,D and 
F show the cumulated fluxes in % of the control. 
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Figure A. 2-2 : The experimental biochar field site Linden, Germany one day after initiation of the 
experiment in April 2011.Treatments: control (no carbon substrate application), feedstock 
(uncarbonized Miscanthus x giganteus chaff), hydrochar (hydrothermally carbonized Miscanthus 
chaff) and biochar (pyrolyzed Miscanthus chaff) 
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Figure A. 2-3: Box- and whisker plot illustrating the methane emissions from the field over 1.5 years, 
after exclusion of the upmost and lowest 1% of the data (outlier in the data due to methane emissions 
outbursts after slurry amendment). The dashed line marks the mean of the control treatment. 
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Abstract 
Biochar and hydrochar application to soil holds promise for climate change mitigation. 
This study provides first insights into the nutrient concentration and removal of grassland 
vegetation after addition of various carbon compounds together with pig slurry. Four 
treatments: control (no carbon application), feedstock, hydrochar and biochar from 
Miscanthus × giganteus were applied at a permanent grassland site near Giessen, 
Germany. We monitored changes in plant functional groups, biomass production and 
nutrition status over two years. Total biomass production was not affected by the carbon 
amendments. However, biochar favoured growth of forbs over grasses, while legume 
growth was increased by all carbon amendments. The initial nutrient concentrations of the 
carbon compounds were enriched according to their degree of carbonization, potentially 
providing nutrients to plants. We found that the biomass from hydro- and biochar amended 
plots, added up over two years, exhibited higher potassium concentrations compared to 
biomass from feedstock and control plots. All carbon amendments led to lower sodium 
concentrations in total biomass, compared to the control. Uncarbonized feedstock led to 
increased manganese concentrations in total biomass, while the concentrations of all other 
heavy metals were not influenced by any carbon amendment, compared to the control. 
From a plant and animal nutritional point of view, none of the carbon amendments reduced 
grassland fodder and yield quality. The study suggests that hydrochar and even more so 
biochar may provide a source of potassium to plants. 
 
 
Keywords: biochar, hydrochar, plant growth, grassland, plant nutrients, nutrient 
concentration 
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3.1 Introduction 
Carbon amendments such as hydro- and biochar are currently being studied as an option 
for climate change mitigation (IPCC, 2007; Woolf et al., 2010), with positive side effects 
on physico-chemical as well as biological soil properties (Lehmann et al., 2006; Atkinson 
et al., 2010; Titirici, 2013). Depending on feedstock and process production conditions, 
biochar was found to improve the nutrient status of the amended soil directly by its nutrient 
content (Chan and Xu, 2009), direct or indirect pH effects (Hossain et al., 2011; Lehmann 
et al., 2011), or impacts on soil nutrient cycling due to biochar-fertilizer surface 
interactions (Clough et al., 2013). Two meta-studies on the effect of biochar on plant 
growth revealed an overall positive influence, with yield increases of 10-12 % (Jeffery et 
al., 2011; Biederman and Harpole, 2013), largely depending on the plant species. In 
contrast hydrochar has often proved to be detrimental to plant growth and germination, 
even generating genotoxic effects, assumedly due to N-limitation or labile carbon fractions 
attached to the hydrochar as remains from the production process (Gajić and Koch, 2012; 
Bargmann et al., 2013; Busch et al., 2013; Wagner and Kaupenjohann, 2014).  
Results on the long-term effects of carbon amendments on the soil-plant matrix in 
temperate soils are still scarce (Mukherjee and Lal, 2014). The opportunities for biochar to 
create soils of high fertility require more attention (Ponomarenko and Anderson, 2001). 
Since most of the worlds´ grasslands are grazed with continuous application of nutrients 
from animal faeces, possible interactions of animal manure/urine and carbon amendments 
need to be identified. Biochar reportedly reduced NH3
+
 losses from urine patches in grazed 
land and from slurry during storage, possibly due to reversible sorption mechanisms, 
providing a nitrogen source to plants (Haeni et al., 2012; Taghizadeh-Toosi et al., 2012).  
Thus, the main aim of this study was to identify the effects of three different carbon 
amendments on the plant nutrient composition of grassland undergoing repeated slurry 
fertilization (Scurlock and Hall, 1998). We hypothesized that feedstock and hydrochar 
would lead to a plant growth reduction due to nitrogen limitation and expected biochar to 
have rather positive effects on plant nutrient availability due to bonding of nutrients from 
slurry on the biochar surface.  
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3.2 Material and Methods 
We analysed the effect of Miscanthus × giganteus chaff (uncarbonized = feedstock, 
hydrothermally carbonized at 200 °C for 2h = hydrochar and pyrolyzed in a continuous 
flow reactor at 550-600 °C = biochar) on the plant biomass and its nutrient concentrations 
from temperate grassland. A grassland field experiment had been installed in Linden-
Leihgestern, near Giessen (50°32'N, 8°41.3'E, at 172 m a.s.l.) in spring 2011. The N-
limited, extensively managed grassland (Haplic Stagnosol, 25 % sand, 28 % clay, 47 % silt 
and 3.5 % soil organic carbon) with an annual mean precipitation of 586 mm and a mean 
air temperature of 9.6°C (1997-2004) had received no fertilizer since 1993 (Janze, 2006). 
For more information on the site see Jäger et al. (2003).  
In the experiment, the carbon amendments were applied in four random repetitions (4×4 
m) as top dressing (see also Schimmelpfennig et al. (2014)). The substrates were applied to 
achieve equal carbon amendment (+20 % of soil organic carbon, as calculated for the 
upper 10 cm of the soil with a bulk density of 1g cm
-3
) for all treatments except the control, 
leading to an application of 1.6 kg m
-2 
feedstock, 1.45 kg m
-2 
hydrochar and 0.93 kg m
-2 
biochar. After the initiation of the experiment, the plots were fertilized with pig slurry 
twice a year (control = no Miscanthus amendment, normal slurry amendment). The N-
amounts given with the slurry were 53.6+21.0 kg N ha
-1 
in 2011, 110.0+56.7 kg N ha
-1
 in 
2012 and 60.7+63.6 kg N ha
-1
 in 2013 (spring and autumn, respectively). 
Plant biomass was cut twice a year (spring and autumn) from three predefined harvest 
subplots (60×60 cm) per plot, sorted by the plant functional groups grasses, forbs and 
legumes, dried, quantified and ground to ≤ 1mm (SM 300, Retsch GmbH, Haan, 
Germany). The three samples from the harvest subplots were pooled to one sample per plot 
and plant functional group (grasses/forbs) for further analysis. Legumes were not 
considered for analysis of trace elements and minerals because they accounted for only 
1.3 % on average of total biomass, providing not enough material for analysis. Likewise, 
plant biomass from 2011 was not sufficient for the analysis. This resulted in n=64 for 
grasses and forbs, and grasses+forbs, respectively (16 samples per season per group). The 
single grass and forb species are provided in Table A.3-1. 
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Biomass carbon (C) and nitrogen (N) concentrations were analysed using an elemental 
analyser (Vario Max, Hanau, Germany). For the analysis of phosphorus (P), potassium 
(K), sulphur (S), calcium (Ca), magnesium (Mg), iron (Fe), manganese (Mn), copper (Cu), 
zinc (Zn), sodium (Na) and chlorine (Cl), the plant samples were pressed in a ring vessel to 
produce a pellet which was then dried to a residual moisture of <3 % in 3-4 hours at 60°C 
before X-ray fluorescence analysis. The analysis was carried out by the Hessian Federal 
laboratory, accredited by the German National Accreditation Body in 2013. The 
measurement procedure is validated by ring trials, including 40 laboratories across Europe 
to approve the reference material. See Table A.3-2 for illustration of detection limit, range 
limit and measurement uncertainty. 
Initial macro- and micronutrient contents of hydrochar and biochar were determined using 
wet chemistry and atomic emission spectrometry after pressure digestion by nitric acid and 
hydrogen peroxide. Miscanthus × giganteus feedstock was analysed with the plant material 
as described above (Table 3-1). Soil pH values (in H2O) were determined yearly from three 
pooled samples per plot (0-30 cm).  
Statistics were performed using Sigma Plot 11.0 and IBM 20. Effects on biomass yield 
(dry matter), macro- and microelement concentration and removal were determined by a 
four factorial univariate ANOVA, followed by post-hoc-tests (Tukey HSD, CI = 95 %) 
where plant functional group (grasses/forbs), harvest year (2012/2013), harvest season 
(spring/autumn), plot replication (1,2,3,4) and treatments (control, feedstock, hydrochar 
and biochar) were modelled as factors. Normal distribution of the residues was tested by a 
Kolmogorov-Smirnov-test with Lilliefors correction of significance. Differences in the 
N : P ratio due to C-treatment were determined by a one way ANOVA. Differences in 
nutrient removal according to the plant functional groups grasses and forbs were 
determined by t-tests. If data were not normally distributed, we log-10-transformed the 
data to achieve normal distribution. If unsuccessful, medians were tested with the Mann-
Whitney-U median test. Correlations between the nutrient concentrations of the carbon 
amendments and the harvested biomass were tested using Pearson Product Moment 
Correlations. The nutrient use efficiency was determined by calculating the individual 
nutrient-to-C ratio (g/g) of the samples (Chapin III et al., 2011).  
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Table 3-1: Elemental contents (macro and micro elements) of the carbon substrates applied to the field 
 
 
 
 
Material 
Element C 
[%] 
N 
[%] 
P 
[%] 
K 
[%] 
S 
[%] 
Ca 
[%] 
Mg 
[%] 
Fe 
[mg kg
-1
] 
Mn 
[mg kg
-1
] 
Cu 
[mg kg
-1
] 
Zn 
[mg kg
-1
] 
Na 
[%] 
Cl 
[%] 
Feedstock 47.94 0.12 0.05 0.55 0.03 0.73 0.38 241 44.5 3.0 10.8 0.02 0.08 
Hydrochar 50.47 0.19 0.04 0.61 0.00 1.04 0.56 1450 58.3 0.9 13.3 0.02 0.00 
Biochar 60.80 0.40 0.24 1.56 0.00 1.14 0.52 3090 434.0 21.7 88.5 0.08 0.00 
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For evaluation of the fodder quality of the plant biomass, measured nutrient concentrations 
(g or mg kg
-1
, respectively) were compared with the recommended intake as well as 
minimal requirements of micro- and macronutrients as given by the German Agricultural 
Society (DLG) (Flachowsky et al., 2001), and values from reference grassland, taken from 
the DLG database (mean values of available data n = 304, from German grassland 1935-
2014). Differences between the experimental biomass in this study and the values from the 
reference grassland from the DLG table were determined by one-way ANOVAs. 
3.3 Results 
Macro- and microelement contents of the carbon substrates generally increased with de-
gree of carbonization (feedstock < hydrochar < biochar) (Table 3-1). Total biomass dry 
matter (DM) (g m
-2
) increased significantly from 2012 to 2013 (726.0 g m
-2 
vs. 839.8 
g m
-2
, p < 0.001, n = 64, Figure 3-1 A and B) but differed not with treatments. 
Nevertheless, we found significant treatment effects over the two years in the biomass of 
the plant functional groups grasses (p < 0.001, n = 64), forbs (p < 0.001, n = 64) and 
legumes (p = 0.006, n = 64) (Figure 3-1 C). Grass biomass was highest in the control plots 
and lowest in the biochar plots (67 vs. 50 % of the total yield) and vice versa for the forbs 
(31 vs. 47 % of the total yield). All carbon amendments led to an increased growth of 
legumes (p = 0.006, n = 64). The results of the biomass yield remained unchanged if tested 
without legumes (no treatment differences in the grass+forb yield).  
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Figure 3-1: Mean and standard deviation of the biomass dry matter (DM) of the treatment plots in the years 2012 (A), 2013 (B) and both years added (C), n=64. Big 
Latin letters depict significant differences in grass biomass yield, small letters differences in forb biomass and Greek letters show significant differences in legume 
biomass over the two years 2012 and 2013. 
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The concentration of macro- and microelements (in % and mg kg
-1
) in the biomass differed 
according to harvest year, harvest season, plant functional groups (grasses and forbs) and 
treatments (Figure 3-2 and 3-3). Concentrations were almost always higher in 2012, except 
for Ca, Mn and Na, where harvest year had no effect, and Fe, where concentrations were 
higher in 2013. Nutrient concentrations were mostly higher in spring than in autumn, 
though not for Ca, Mg, Fe and Mn, where concentrations were higher in autumn and Zn, 
where there was no difference between seasons. Almost all elements were found in 
significantly higher concentration in forbs, except K, Cl and Mn where the concentrations 
were higher in grasses, and Fe, where there were no effects (Figure 3-2 and 3-3).  
Treatment effects were found for K, Mn and Na concentrations of the total harvested 
biomass (Figure 3-4), but without a distinctive pattern. K concentrations increased 
regardless of carbon amendment type, compared to the control, with the highest 
concentrations in biomass from hydrochar and biochar plots. In contrast, Na concentrations 
were decreased by all carbon amendments, compared to the control. Mn concentrations 
increased by about one third due to feedstock application, compared to the biomass from 
all other treatment plots. The initial nutrient concentrations of the carbon amendments 
correlated positively with K concentrations (r = 0.805, p < 0.001, n=16) and negatively 
with Mg concentrations (r = -0.531, p < 0.03, n=16) of the total biomass (grasses+forbs, 
2012+2013) from the treatment plots. 
For the evaluation of the nutrient status of the grassland under study, we calculated the N : 
P ratio as it can serve as indicator for N-or P-limitation of ecosystems (Koerselman and 
Meuleman, 1996; Güsewell, 2004). The average N : P ratio of the total biomass under 
study was 4.9 and showed no significant differences between grasses and forbs. Among the 
carbon amendments, biomass from feedstock amended plots exhibited a significantly 
higher N : P ratio than biomass from the other plots (5.6).   
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Figure 3-2: Mean macronutrient concentrations of the biomass dry matter (DM), sorted by 
treatment (control, feedstock, hydrochar, biochar), season (spring/ autumn), plant functional 
group (grasses/forbs) and year (2012/2013), n=64. Significant differences within the several 
factors, as determined by UNIANOVA, are given in the graphs. 
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Figure 3-3: Mean micronutrient concentrations of the biomass dry matter (DM), sorted by 
treatment (control, feedstock, hydrochar, biochar), season (spring/ autumn), plant functional 
group (grasses/forbs) and year (2012/2013), n=64. Significant differences within the several 
factors, as determined by UNIANOVA, are given in the graphs
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Figure 3-4: Mean weighted concentrations of the macro- and micronutrients in % or mg kg-1 biomass 
dry matter (DM) (biomass yield and composition were considered). Letters mark significant 
differences between the treatments (n=64). 
Chapter 3: Changes in macro- and micronutrient contents of grasses and forbs following Miscanthus × giganteus 
 feedstock, hydrochar and biochar application to temperate grassland 
 
85 
 
In addition to the trace element and mineral concentrations in the plant biomass, we 
determined the total nutrient removal in the biomass per square meter (g m
-2
) (Figure A.3-2 
and A.3-3. The total nutrient removals differed according to harvest year, plant functional 
group, season and treatment, though not consistently for all nutrients. Nutrient removal of 
N, Mg, Zn and Na was equal in both years, higher in 2012 for P, K, S, Cu and Cl and 
higher in 2013 for Ca, Fe and Mn. Higher total amounts of most nutrients were taken up in 
spring, except Ca, Mg, Fe and Mn, where removal was higher in autumn in both years. 
Concerning the plant functional groups, removal of N, P, K, S and Mn was higher by 
grasses, removal of Ca, Mg, Cl, Fe and Zn higher by forbs and removal of Na and Cu was 
similar for both groups. Treatments affected total removal of K, Ca, Na and Mn. Potassium 
removal was higher in hydrochar and biochar plots, compared to feedstock and control 
plots. Vice versa, Na removal was lower in hydrochar and biochar plots compared to 
feedstock and control plots. Calcium removals were increased by all carbon amended plots 
compared to the control, whereas Mn removal was highest in feedstock amended plots 
compared to all other plots. Furthermore, removals of grasses and forbs interacted 
differently with the carbon amendments (Figure A.3-2 and A.3-3). No significant 
differences were found between the biomass nutrient concentrations of our experiment and 
the DLG values (Table 3-2). Differences in Cl concentrations are neglected since the 
reference value is derived from only one sample in the DLG table. The pH values at the 
experimental site remained constant with 5.8 averaged over depth (0-30 cm) and 
treatments in both years.  
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Table 3-2: Comparison of the recommended nutrient supply of a dairy cow with a mean performance of 30 kg milk per day and a daily intake of 20 kg 
biomass DM (German Society of nutritional physiology) with the nutrient contents of the biomass from the treatment plots in the field experiment. For a 
further comparison, long term mean values from German grasslands (German Agricultural Society fodder quality table, 1936-2014) are displayed. 
Numbers in brackets give the relative increase in % compared to the recommended intake values. 
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Recommended intake 3.55 10.15 5.75 1.6 1-2 50 1.4 50  8-10 50 3.35 
Control mean 3.3±0.7 16.4±4.5 
(+61%) 
8.8±2.1 
(+53%) 
3.1±0.7 
(+94%) 
1.8±0.3 
 
165.7±105.6 
(+235%) 
0.4±0.2 110.0±51.2 
(+120%) 
8.0±2.7 44.1±11.5 7.8±2.1 
(+132%) 
Feedstock mean 3.0±0.6 16.7±4.2 
(+64%) 
9.1±2.0 
(+58%) 
2.9±0.6 
(+81%) 
1.8±0.2 179.3±152.2 
(+259%) 
0.3±0.1 145.7±84.9 
(+191%) 
7.7±2.3 47.1±6.6 7.6±2.0 
(+134%) 
Hydrochar mean 3.0±0.6 17.7±4.9 
(+74%) 
9.2±1.6 
(+60%) 
3.0±0.4 
(+94%) 
1.7±0.3 187.6±98.8 
(+275%) 
0.2±0.1 100.5±52.8 
(+101%) 
7.5±2.2 47.5±6.4 7.4±1.8 
(+121%) 
Biochar mean 3.1±0.6 18.5±4.4 
(+82%) 
8.9±1.5 
(+55%) 
2.9±0.5 
+81%) 
1.7±0.3 182.4±130.8 
(+265%) 
0.2±0.1 94.4±42.7 
(+89%) 
7.7±2.4 43.8±7.7 7.4±1.7 
(+121%) 
Minimal requirement 0.5-1 3 0.6-1 0.5 n/s n/s 0.3 n/s 8  20 n/s 
Grass biomass (German Agricultural 
Society table) 
2.9±0.7 23.4±9.3 5.5±2.4 2.0±0.8 - - 0.5±0.6 78.9±29.3 7.2±1.9 38.3±11.7 4 
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3.4 Discussion 
3.4.1 Plant functional group effects 
The higher nutrient concentrations generally observed in the forbs, compared to grasses, 
throughout all treatments (Figure 3-2 and 3-3) may possibly be explained by an improved 
nutrient retention capability of forbs. This is common for nutrient-poor environments 
(Berendse et al., 1992; Aerts, 1999), as defined by biomass N-concentrations < 1.5 % 
(Maynard et al., 1976; Whitehead, 2000; Güsewell, 2004), a threshold which was barely 
exceeded by the biomass harvested in our experiment, and a N : P ratio <14 (Koerselman 
and Meuleman, 1996; Ellenberg and Leuschner, 2010) which, with an average of 4.9, has 
been clearly occurred. Moreover, the nutrient needs and uptakes of forbs e.g. for Ca and 
Mg are generally up to five times higher than that of grasses (Bergmann, 1992).  
Potassium, Mn and Cl concentrations were higher in the grass biomass, when compared to 
forbs. For K, the uptake from soil by plants seems to be a function of root morphology, 
especially root length and surface area in the top soil (Schenk and Barber, 1980; Mengel 
and Steffens, 1985). Thus, a reason for significantly higher K concentrations in the grass 
biomass could be a higher fine and fibrous root density in the upmost layer of the soil, 
compared to forbs (Kutschera et al., 1982; Sun et al., 1997; Kutschera et al., 2009). 
Grasses have been found to contain more Mn than legumes in other experiments, and Mn 
uptake by plants can vary substantially according to plant species and site (Garmo et al., 
1986; Bergmann, 1992; Lindström et al., 2013). Nevertheless, in general, site variations, 
with varying soil properties such as pH values found to have a greater impact on Mn 
uptake than plant species and plant functional groups (Hemingway, 1962; Wagner and 
Kaupenjohann, 2014). In our experiment, effects of soil pH on the release of Mn seem 
unlikely since there were no treatment effects on soil pH over the experimental period.  
To our knowledge, there are no previous reports on higher Cl uptake by grasses when 
compared to forbs. Differences in Cl concentration among the plant groups, grasses and 
forbs, may also be explained by differences in the abundance of fine and main roots as well 
as root depth. Significant effects of biochar amendment on biomass composition have been 
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reported elsewhere (van de Voorde et al., 2014) with legumes benefiting most from an 
improved availability of P, K and higher pH values due to biochar amendment, whereas the 
abundance of forbs was not affected. 
3.4.2 Dilution effects and nutrient use efficiency  
Total harvested biomass increased from 2012 to 2013 by an average 113 g m
-2
, although 
fertilization was higher in 2012. This may be explained by an earlier start of the growth 
period in 2013 and/or a cumulative fertilization effect (Figure A.3-1). Increased biomass 
growth together with lower biomass N concentrations in 2013, but constant nutrient 
removal by the plants, points to a dilution effect, also described as a Piper-Steenbjerg 
effect (Wikström, 1994). The same effect could possibly also apply to Mg with a constant 
nutrient removal but improved plant growth and hence lower nutrient concentrations, 
indicating that Mg availability triggered plant growth. Low Mg concentrations of the grass 
biomass (0.23 %, half the concentration of the forbs) together with an improved grass 
biomass growth in 2013 underline this assumption especially for grasses (Figures 3-1, 3-2 
and 3-3).  
A decreasing nutrient concentration, accompanied by lower nutrient removals and 
increasing biomass from 2012 to 2013, was found for P, K, S, Cu and Cl, pointing to a 
suboptimal nutrient supply, especially in 2013. Still, these nutrients were not growth 
limiting, and the higher biomass in 2013 was accompanied by a better nutrient use 
efficiency in this year. A positive linear relationship of concentrations, biomass growth and 
nutrient removal was only found for Fe, indicating a sufficient nutrient supply. Iron 
concentrations in the biomass were in line with the average Fe contents of plants (50-200 
mg kg
-1
), although the total iron content may not serve as the best criterion for the Fe status 
of plant biomass (Bergmann, 1992). Ca and Mn concentrations were similar in 2012 and 
2013, accompanied by constant nutrient removal and higher nutrient use efficiency due to 
increased biomass growth for Ca and constant nutrient use efficiency and an increased 
removal in the case of Mn. This indicates that for these elements, the dilution effect does 
not apply, but neither was optimum supply attained. Sodium concentrations and removals 
were constant over both years, indicating that these elements were not limiting.  
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3.4.3 Treatment effects 
3.4.3.1 Macronutrients: Nitrogen, Phosphorus, Potassium, Sulphur, Magnesium 
and Calcium 
In general, removal and concentration of N in the biomass was not influenced by any 
carbon amendment, compared to the control plots, indicating that either the carbon 
amendments had no N-limiting effect, as was reported from other studies with Miscanthus 
straw (Eiland et al., 2001) or sugar beet/wheat straw hydrochar (Gajić and Koch, 2012; 
Bargmann et al., 2014b), or more N that could be immobilized was added with the slurry. 
Nevertheless, we observed a grass biomass growth reduction in the hydrochar amended 
plots in 2011, the year of application, which was likely caused by initial N-immobilization 
or phytotoxic effects (Bargmann et al., 2013; Busch et al., 2013). However, as the results 
presented here show, this short term effect was outbalanced in the following years. Higher 
biomass N concentrations due to biochar+N-fertilizer application to soil, as found in 
incubation experiments (Chan et al., 2008; Van Zwieten et al., 2010a; Schimmelpfennig et 
al., 2014), were not observed, likely because the biochar was not directly mixed into the 
soil matrix due to top dressing. Moreover, biochars´ beneficial role in soil nitrogen cycling 
might not be the decisive factor in soils with a naturally high nitrifier activity as in the 
grassland used here (Kammann et al., 1998; DeLuca et al., 2006).  
Potassium concentrations were increased in all carbon amended plots, and correlated with 
the initial K concentrations of the materials, indicating a fertilization effect. Removal of K 
was only higher in hydrochar and biochar amended plots, compared to the control (Figure 
A.3-2). The difference was made up mostly by the higher share of forbs in these plots, 
confirming the promotion of forb over grass biomass growth by the carbon amendments 
(Figure 3-1). Potassium was found to be easily leached from biochar by others as well, 
serving as fertilizer to plants (Gaskin et al., 2010; Silber et al., 2010; Yao et al., 2010; 
Angst and Sohi, 2013; Wagner and Kaupenjohann, 2014). Likewise, K from hydrochar is 
reportedly plant available (Gajić and Koch, 2012) and water soluble (Wagner and 
Kaupenjohann, 2014). A long-term K fertilization effect due to carbon amendment has 
been described as unlikely (Angst and Sohi, 2013), but has also been found in a natural 
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grass system before (van de Voorde et al., 2014). Besides the direct fertilization effect, the 
sorption of K from slurry by negatively charged functional groups on the 
biochar/hydrochar surface could also be a reason for improved K availability in our 
experiment (Sevilla and Fuertes, 2009; Mukherjee et al., 2011).  
Both Ca and Mg contents were concentrated by the hydrothermal carbonization and 
pyrolysis process, compared to the feedstock material, nevertheless the nutrient amounts 
applied with all carbon amendments were quite low but were highest with hydrochar 
amendment (7.8 g m
-2
) (Table 3-1). Similar Ca and Mg concentrations of the biomass from 
carbon amended plots, combined with a higher nutrient removal are likely due to the 
overall higher share of forbs in the carbon amended plots in the total biomass of the two 
years, compared to the control (Figures 3-1, A.3-2). The higher Ca and Mg removal in the 
hydrochar plots, compared to the control plots, indicate that Ca and Mg from hydrochar 
were easily available to plants, especially to forbs (Figure A.3-2). The influence of 
hydrochar on nutrient uptake or concentrations in plants is often masked by a reduced plant 
growth due to N-limitation or toxic effects (Gajić and Koch, 2012; Busch et al., 2013; 
Jandl et al., 2013; Wagner and Kaupenjohann, 2014) Growth reduction by N-limitation 
was not observed in our experiment, nevertheless N supply was rather low and a possible 
fertilizer effect of Ca and Mg may have been masked by suboptimal N supply.  
3.4.3.2 Micronutrients: Iron, copper, zinc, manganese, sodium and chloride 
Iron, Cu Zn and Cl concentrations in plant biomass were not influenced by any of the 
carbon amendments, compared to the control. Concentrations of Fe in the biomass suggest 
sufficient Fe supply in both years and all treatment plots. Surprisingly, the Fe 
concentrations of the carbon amendments were not reflected in the biomass from the 
corresponding plots (Table 3-1, Figure 3-3). This indicates that the carbon amendments 
were either not degraded enough to release the Fe bound in the material or that if Fe 
became soluble that it was taken up during the first year after application or bound in 
organo-mineral complexes. Bioavailability of Fe from plant residues was reported by 
others to be highest within the first year of amendment, even more if decomposition of the 
residues was enhanced by earthworms, fungi or composting (Palviainen et al., 2004; 
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Maqueda et al., 2011; Bityutskii et al., 2012). The Cu results indicate that, although 
additional Cu was introduced with all carbon amendments, the applied surplus was 
apparently not available to plants. Elevated leaf concentrations of Cu were so far only 
reported from biochar produced from Cu-contaminated wood waste with a concentration of 
22.1 g kg
-1
 (a concentration a thousand fold higher than in biochar from non-contaminated 
biomass), indicating that Cu from biochar itself may become available to plants at some 
stage (Lucchini et al., 2014). Presumably, in our experiment, Cu is bound to the organic 
carbon fraction of the soil, in a form being not readily plant available (Sims, 1986; Beesley 
et al., 2010). 
Zinc accumulated in the carbon amendments due to the carbonization processes. 
Nevertheless, Zn did not accumulate in the biomass grown on carbon supplemented plots, 
indicating that it was not plant available. Hydrochar and biochar did not influence plant 
biomass Mn concentrations or uptake, although substantial amounts of Mn were added 
with both amendments to the soil, especially with biochar (Table 3-1). In contrast, 
feedstock amendment significantly increased Mn concentrations and uptake of the plants. 
However, Mn toxicity was not observed and has only been reported for plant Mn 
concentrations > 1000 mg kg
-1
, though this depends on the plant species, and soil pH 
(Bergmann, 1992). It seems likely, that the provision of easily decomposable organic 
matter such as Miscanthus straw caused Mn complexes in the soil to change from less 
soluble forms to more plant-available forms, likely by participating in redox reactions, 
dissolving Mn oxides (Stone and Morgan, 1984; Shuman, 1988). It is assumed, as on-
going bioturbation will foster degradation and merging of hydrochar and biochar with the 
soil matrix, either Mn bound in these materials will become plant available and/or 
hydrochar and biochar may participate in soil redox reactions, as found by Graber et al. 
(2014).  
Higher Na concentrations and uptake by biomass from control plots compared to all other 
plots was remarkable, since Na added with the carbon amendments was in very small 
amounts. Considering the additional K, Ca and Mg applied with the carbon amendments, 
an ion antagonism in the feedstock, hydrochar and biochar plots could likely explain these 
differences, leading to a reduced uptake of Na. Nevertheless, the range of Na 
concentrations in the harvested biomass neither indicates Na deficiency nor excess. 
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Generally, Na deficiency is rarely reported from grassland and likewise, concentrations 
found here are well below critical values for excess supply (Bergmann, 1992). 
Chlorine was neither added in considerable amounts with the carbon amendments, nor did 
the carbon amendments influence the soil´s Cl availability by complexation with e.g. Na. 
Thus, the effect of carbon amendments on Cl availability was negligible in the grassland 
under study. 
3.4.4 Fodder quality 
The fodder quality of the plant biomass from all plots under study with respect to the 
micro- and macronutrients meet (P, S, Cu and Zn) or even exceed the recommended intake 
for dairy cows, especially in terms of the base cations K, Ca and Mg as well as Fe, Mn and 
Cl (Table 3-2), without any significant positive nor negative effects of the carbon 
amendments. The concentration of K in the biomass of all treatments exceeded the 
recommended intake by 70 % on average, indicating that K supply for animal nutrition was 
more than sufficient, independent of carbon amendment. Excessive K intake with biomass 
feed can disturb Mg resorption of ruminants, leading to grass tetany in the worst case 
(Terörde, 1997). Nevertheless, an extra supply of Mg is only essential if K concentrations 
increase to 35 g kg
-1
 dry biomass or more (Kessler, 2001), which have not been reached in 
our experiment by far. Magnesium concentrations in our biomass were up to 94 % higher 
compared to the recommended intake, independent of carbon amendment, accompanied by 
an increase in Ca contents of up to 60 %. High Ca concentrations in biomass can reduce 
fodder quality if Mg, P or Vitamin D supplies are insufficient (Terörde, 1997). Commonly, 
a K/(Ca+Mg) ratio ≤ 2.2 is regarded as an indicator for low nutrient antagonism and an 
adequate nutritive balance (Reid and Horvath, 1980). This threshold has been met by all of 
our biomass with an average ratio of 1.35. In this context, high Mg and Ca concentrations 
as found here, can rather be considered positive. Furthermore, the Ca : P ratio of biomass 
can serve as indicator for an optimal uptake of Ca by ruminants. Best Ca uptake rates by 
ruminants are reported for biomass with a Ca : P ratio of 2 (Terörde, 1997). The mean 
Ca : P ratio of our biomass was with 2.9  rather high and was highest in biomass from 
hydrochar amended plots. Nevertheless, if requirements concerning P supply are met, the 
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ability of ruminants to adapt to fluctuations in Ca supply is high (Flachowsky et al., 2001; 
McDonald, 2002). Thus, rather high Ca contents as observed here are not considered 
harmful for animal nutrition. Moreover, hydrochar and biochar application together with 
an additional P-source such as slurry may be an option to increase the fodder quality of 
biomass grown on such char amended soil (Sarkhot et al., 2013). Iron contents in biomass 
from grazing land often exceed the requirements for Fe intake of ruminants, as also found 
here. Tolerance levels for iron are reportedly as high as 500 mg kg
-1
, which was not 
reached by the biomass in any of the treatments, with a mean Fe concentration of 178.8 mg 
kg
-1
 (Table 3-2) (Flachowsky et al., 2001). 
3.5 Conclusion 
Our results indicate that uncarbonized and carbonized Miscanthus × giganteus materials 
had neither positive nor adverse effects on biomass production in the second and third year 
after application. The main limitation to plant growth at the experimental site in all 
treatment plots was probably N, possibly masking other nutrient effects. Interactions of the 
carbon amendments with slurry did not occur, neither improving nor worsening the 
nutrient use efficiency of slurry amendment. Though total biomass growth was not affected 
by the carbon amendments, biochar led to a shift from grasses to forbs, leading to a total 
yield enriched in most nutrients. Both hydrochar and biochar led to increased K 
concentrations in the biomass over the two years, with a positive correlation to the initial K 
contents of the carbon amendments. Likewise, K removal by biomass was improved in 
hydro- and biochar plots, accompanied by a decreased removal of Na, indicating an ion 
antagonism. This leads to the assumption that, even two years after application, hydrochar 
and biochar exhibited a K fertilization effect. Additionally, Ca removal by biomass, 
especially forbs, was increased by all carbon amendments, indicating, together with Mg in 
hydrochar plots, plant available Ca and Mg components in the carbon amendments.  
Heavy metals (Fe, Cu and Zn) were concentrated in hydrochar and biochar due to the 
carbonization processes, but did not accumulate in plant biomass accordingly. In terms of 
Mn, feedstock application led to an increased Mn concentration and removal of the plant 
biomass, indicating participation of the feedstock material in redox reactions in soil. Both 
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in terms of plant and animal health, application of carbon amendments did not harbour 
major risks. Recommended intakes have been met or exceeded for all nutrients except Na.,  
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3.7 Appendix 
Table A. 3-1: List of single grass, forb and legume species in the grassland under study  
Grasses Forbs Legumes 
Arrhenaterium elatius Achillea millefolia Lathyrus pratensis 
Alopecurus pratensis Ajuga reptans Lotus corniculatus 
Agrostis capillaris Anthriscus sylvestris Medicago lupulina 
Anthoxanthum odoratum Bellis perennis Trifolium pratensis 
Avena pubescens Campanula rotundifolia Trifolium repens 
Dactylis glomerata Centaurea jacea Vicia cracca 
Deschampsia cespitosa Cerastium holosteoides Vicia sepium 
Festuca pratensis Cirsium oleraceum Lathyrus pratensis 
Festuca rubra Crepis biennis Lotus corniculatus 
Holcus lanatus Filipendula ulmaria Medicago lupulina 
Lolium perenne Galium mollugo Trifolium pratensis 
Luzula campestris Galium verum Trifolium repens 
Phleum pratensis Geranium pratensis Vicia cracca 
Poa pratensis Glechoma hederacea Vicia sepium 
Poa trivialis Leontodon autumnalis  
Trisetum flavescens Leucanthemum vulgare  
 Lysimachia nummularia  
 Myosotis arvensis  
 Plantago lanceolata  
 Ranunculus acris  
 Ranunculus repens  
 Rumex acetosa  
 Sanguisorba officinalis  
 Saxifrage granulata  
 Sensecio jacobae  
 Stellaria graminea  
 Taraxacum officinalis  
 Veronica chamaedris  
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g
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] 
C
u
 [
m
g
 k
g
-1
] 
Z
n
 [
m
g
 k
g
-1
] 
Detection limit 0.1 0.6 0.05 0.1 0.07 0.02 0.1 100 40 4 15 
Range limit 0.44 3.2 0.3 1.7 0.44 0.26 0.9 1300 310 20 180 
Uncertainty of 
measurement 
1.7 1.3 1.4 1.6 1.8 4.5 1.4 2.8 1.7 5.6 2.3 
Table A. 3-2: Detection limit, range limit and uncertainty of measurement of the X-ray fluorescence measurement process 
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Figure A. 3-1: Mean air temperature in 2 m [°C] and precipitation [mm] of the experimental site in the years 2012 and 2013. 
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Figure A. 3-2: Mean macronutrient removals [g m-2] of the two years 2012 and 2013, shown for the different 
treatment plots with standard deviation (n=64). Arabic letters mark significant differences in nutrient 
removal by grasses and forbs, respectively. Greek letters mark significant differences of the overall biomass 
removal (grasses+forbs). 
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Figure A. 3-3: Mean micronutrient removals [g m-2] of the two years 2012 and 2013, shown for the different 
treatment plots with standard deviation (n=64). Arabic letters mark significant differences in nutrient removal 
by grasses and forbs, respectively. Greek letters mark significant differences of the overall biomass removal 
(grasses+forbs). 
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Abstract 
Within the last decades, considerable knowledge has been gained on the impacts of 
carbonaceous soil additives such as hydrochar (or HTC) and biochar (or pyrochar) on plant 
growth and various soil properties. However, still little is known about the effects of 
hydrochar and biochar on soil microorganisms, especially from field studies. 
Microorganisms are closely linked to nutrient dynamics in soil and therefore are tightly 
linked to soil fertility. As a consequence, possible changes in the microbial community 
structure due to HTC/biochar soil application may lead to considerable changes in soil 
nutrient dynamics.  
To gain insights in HTC/biochar associated long-term effects on microorganisms, soil 
samples were taken from a grassland field study 2.6 years (31 months) after its initiation 
(April 2011), where Miscanthus × giganteus feedstock, HTC and biochar mixed with pig 
slurry had been applied as top-dressing in a randomized block design, next to a slurry-only 
control ( n=4, 16 plots). The samples were analyzed for microbial activity and biomass by 
substrate induced respiration (SIR). Bacterial and fungal fractions in soil microbial 
biomass (SMB) were determined using the inhibitors Streptomycin and Cycloheximide 
respectively.  
Total SMB, microbial activity and fungal biomass were significantly higher in biochar-
amended soil compared to feedstock and control treatments. The percentage of bacterial 
biomass was higher in the feedstock and HTC amended soil, as compared to the control. 
Additionally, HTC exhibited a significantly higher percentage of fungal biomass compared 
to the feedstock treatment, indicating a microbial community shift.  
While the uncarbonized feedstock material depleted both total SMB and especially fungi, 
HTC and biochar did not trigger any adverse long-term effects on SMB. Rather, the 
observed biochar-induced stimulation of SMB may improve soil aggregation and increase 
the soil organic carbon content in the long term. 
 
Keywords: biochar; hydrochar; field study; Miscanthus × giganteus; microorganisms; 
fungi; bacteria; microbial community shift 
Chapter 4: Microbial community shifts 2.6 years after top-dressing of Miscanthus biochar, hydrochar and feedstock on a 
temperate grassland site 
 
102 
 
4.1 Introduction 
Since the discovery of Terra Preta soils and the identification of charcoal as an essential 
component therein, many experiments on the production and application of carbonized 
plant material to soil have been realized. Among a variety of production processes, 
pyrolysis of dry plant material at 400-600°C proved to yield a low-toxic, highly porous 
material similar to charcoal or stone coal, suitable for soil amendment and carbon 
sequestration (biochar) (Schimmelpfennig and Glaser, 2012; Singh et al., 2012). On the 
other hand, a wet, high pressure pyrolysis process, hydrothermal carbonization, suitable for 
the usage of wet feedstock material such biological waste (Kruse et al., 2013), may 
generate a material suitable as peat substitute (Titirici et al., 2007; Libra et al., 2011). 
However, the effects of biochar and hydrochar (HTC) on soil microbial biomass (SMB) are 
still poorly understood, particularly beyond initial, short-term lab-study effects. In the 
short-term (< one year), biochar reportedly induced large changes in SMB composition and 
activity, with beneficial effects on soil and/or plant productivity (Anderson et al., 2011; 
Kolton et al., 2011; Lehmann et al., 2011). These positive effects may result from biochar-
induced changes in pH-value, generation of carbon-nutrient agglomerates in soil (Castaldi 
et al., 2011), sorption of toxic substances such as heavy metals or provision of an 
additional C-source by biochar (Drenovsky et al., 2004). Additionally, biochar was found 
to provide a habitat for mycorrhizal fungi, particularly by deliberate inoculation in the 
laboratory compared to the field (Saito, 1990; Saito and Marumoto, 2002; Quilliam et al., 
2013; Hammer et al., 2014). However, a decrease of microbial biomass following the soil 
application of biochar has also been observed, resulting in lower soil C and N turnover 
rates (Dempster et al., 2012).  
HTC was found to have positive effects on growth, root colonization and spore 
germination of mycorrhizal fungi (Rillig et al., 2010; Salem et al., 2013a) as well as on the 
activity and abundance of SMB (Bargmann et al., 2014a). Negative effects of HTC on 
mycorrhiza have also been reported, pointing to the occurrence of toxic compounds, 
mostly present in the water soluble carbon fraction (George et al., 2012), whereas  
collembola ingested and digested unwashed HTC without being negatively affected and 
may even gain nutritional benefits from it (Salem et al., 2013b). Yeast-derived HTC 
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promoted fungi, while glucose-derived HTC was mostly taken up by bacteria, indicating 
the importance of HTC feedstock material for any effects on microorganisms (Steinbeiss et 
al., 2009). Besides the feedstock material, the effect of biochar and HTC on SMB depends 
on the production process conditions, the time following the addition to soil and the soil 
management and fertility (Salem et al., 2013a; Muhammad et al., 2014).  
Considering the wide influence of SMB on the soil nutrient cycling and thus on plant 
growth, it is important to identify the effects of biochar/HTC on microorganisms more 
clearly. Yet, knowledge of the long-term effects of biochar/HTC on SMB is not sufficient 
to predict possible changes in an adequate way.  
The economic feasibility and ecological sustainability of future large-scale carbon 
sequestration projects will inter alia depend on the availability of fast growing plants for 
biochar/HTC production. The Miscanthus × giganteus hybrid, a perennial C4 plant, 
attracted attention as a fast growing biomass plant for cultivation in temperate soil 
(Clifton-Brown et al., 2004; Heaton et al., 2008). Besides its high biomass production, the 
high lignin and the naturally enriched 
13
C content (Clifton-Brown et al., 2004; Pyter et al., 
2009; Sang and Zhu, 2011) make it an attractive biochar/HTC feedstock. Moreover, 
positive effects of Miscanthus × giganteus biochar on SMB have already been reported by 
other authors (Luo et al., 2013). Thus, our aim was to evaluate the effects of field 
application of Miscanthus × giganteus straw, hydrochar and biochar on SMB abundance 
and composition after a period of 2.6 years. Based on the available studies so far, the 
hypothesis was that biochar would increase the abundance of both fungi and bacteria by 
providing a suitable habitat due to its porous nature, that HTC would promote fungal 
growth due to its low pH and that feedstock and HTC would support the growth of all 
microorganisms due to provision of a rather labile C-source.  
4.2 Material and methods 
4.2.1 Experimental setup 
Soil samples were taken in October 2013 from an experimental grassland site of the Justus-
Liebig-University Giessen, located in Linden, Germany (50°31'58.2"N 8°41'07.0"E). The 
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soil, a Haplic Stagnosol (WRB, 2006), had a texture of 25 % sand, 28 % clay, 47 % silt, a 
soil organic content (SOC) of 3.6 % and a pH of 5.8-6.0. The biochar field experiment had 
been installed in April 2011. A top-dressing of uncarbonized Miscanthus straw (feedstock, 
16t ha
-1
), hydrothermally carbonized Miscanthus straw (HTC, 14.5t ha
-1
) and pyrolyzed 
Miscanthus straw (biochar, 9.3 t ha
-1
) had been applied randomly in a quadruplicate block 
design, increasing the SOC content of the upper soil layer (calculated for a depth of 10 cm, 
bulk density = 1 g cm
-3
) by about 16 ± 4 %. HTC material was produced by keeping 
Miscanthus straw in a water vapor atmosphere for 2 hours at a temperature of 200±3°C 
under pressure of 1.6 MPa (Revatec, Geeste, Germany, formerly Hydrocarb GmbH, 
Ohmes, Germany). Biochar was produced by pyrolyzing dry Miscanthus straw at 550-
600°C in a continuous flow reactor (Pyreg GmbH, Bingen). The plots were fertilized with 
liquid pig slurry twice every year since installation of the experiment (Schimmelpfennig et 
al., 2014). Two soil samples (volume of 231.3 cm
3
) were taken from the upper soil layer 
(depth of 5cm) of each plot. The samples were sieved through a 2 mm mesh to separate 
soil and roots and stored at 4 °C for further use. Substrate induced respiration (SIR) 
experiments with inhibitors were carried out between November 15 and December 13, 
2013. The SIR measurements without inhibitors were performed from the 17
th
 till the 27
th
 
of March 2014. 
4.2.2 Soil measurements 
For carbon (C) and nitrogen (N) content determination, subsamples were oven dried at 
105°C, milled and analyzed by a CNH Macro Elemental Analyzer (Hanau, Germany). For 
determination of the water-holding capacity (WHC), three subsamples of each treatment 
were weighed into a PVC-tube (closed at the lower side with mesh and filter paper) and 
placed into a water tank for 24 hours, to ensure that the soil mixtures were soaked with 
water. Thereafter the samples were taken out of the water tank, left to drain on a colander 
for 24 hours and reweighed. Soil water content was determined by placing another 
subsample in the oven for 24 hours at 105°C. The WHC for each treatment was calculated 
by the difference in mass between the saturated and the dry samples in relation to the dry 
weight, using equation 4-1: 
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               (4-1) 
 
soilwet   water soaked, drained soil [g] 
soildry  dry soil [g] 
WHC   water holding capacity in g H2O/g soil 
 
4.2.3 Basal and substrate induced respiration  
The basal and substrate induced respiration of microorganisms was determined following 
the DIN ISO (17155:2011-06 2011) guideline, based on the work of Anderson and 
Domsch (1973); Anderson and Domsch (1986); Anderson and Domsch (2010). Briefly, 
50 g (dry weight) of field fresh soil mixture was put into a glass jar (200 ml) in three 
(control soil) or four repetitions (feedstock, hydrochar and biochar amended soil) and 
adjusted to 50 % of the WHC. The open jars were pre-incubated for three days in a dark 
climate chamber (20 °C, 50 % relative air humidity) to prevent overestimation of CO2 
fluxes due to soil disturbance and to trigger germination of potentially available seedlings. 
After pre-incubation, the jars were connected to a multiplexer coupled to an automated gas 
analyzer (Licor 8100A GmbH, Bad Homburg, Germany). CO2 emissions from every jar 
were measured for 120 s during basal respiration, with one data point per second (Figure 
A. 4-1 a). In between the measurement of two jars, the analyzer was flushed for 30 s with 
ambient air. One measurement cycle (38 min in total starting and ending with an empty jar) 
was repeated consistently for the whole basal respiration period (in total 70 – 100 hours). 
To prevent desiccation of the soil mixtures, the jars were vented with water-saturated air 
from a humidifier in between the measurements. Because of total available multiplexer 
connections only 15 samples could be analyzed at one time. Therefore only for the control 
treatment three instead of four samples were analyzed. The soil CO2 effluxes, based on the 
soil dry weight, were automatically calculated by regression analysis, with both 
exponential and linear fits. 
For the determination of the microbial biomass by the substrate-induced respiration (SIR), 
500 mg of a mixture of glucose, (NH4)2SO4 and KH2PO4 in the ratio 6:1:0.1 was added to 
each sample jar. Additionally, 250 mg Talcum, used as the carrier substance for the 
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inhibitors, was added to the jars for SIR measurements to ensure similar conditions as 
during inhibitory measurements. Each of the jars was mixed thoroughly after addition of 
the glucose mixtures. For SIR measurements, the data logging time was reduced to 90 s per 
jar (Figure A. 4-1 b). 
The experiment is based on the assumption that non-inhibited microorganisms are 
activated by the addition of glucose due to maximum cell respiration. Thus, the period 
between the first respiration peak caused by mixing of the soil and the second peak where 
proliferation of the microorganisms starts, can be interpreted as “plateau period” where 
nearly all microorganisms are active but still in the same abundance as before substrate 
addition. Consequently, the CO2 respiration rates during the plateau period are suitable for 
the calculation of the soil microbial biomass (SMB) (Figure A. 4-2). 
4.2.4 Determination of fungal and bacterial contribution to respiration 
To determine the fungal and bacterial contribution to the bulk microbial respiration during 
the plateau period, we used 1) Streptomycin for the inhibition of bacteria (SIRINs) and 2) 
Cycloheximide for the inhibition of fungi (SIRINc) and 3) both inhibitors to suppress both 
fungal and bacterial growth (SIRINsc). Neither other microorganisms such as 
cyanobacteria, archaea, ciliates or amoeba could be captured by this method, nor the 
possible side effects such as promotion or die-off of non-targeted organisms (Badalucco et 
al., 1994). 
The fungi-associated respiration (AFR) was calculated by equations 4-2 and 4-3: 
 
     
        
(                     )    - 
             (4-2) 
 
                            (4-3) 
 
 
Where PFR is the portion of fungal respiration in µg CO2 g
-1
 soil, Rs is the respiration 
during the plateau period from SIRINs with inhibited bacteria, Rc is the respiration during 
the plateau period from SIRINc with inhibited fungi, Rsc the respiration of plateau period 
from SIRINsc with inhibited bacteria and fungi, Rtotal the respiration of the plateau period 
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from the SIR measurement without inhibitors and AFR the amount of fungal respiration 
under SIR conditions.  
Bacterial respiration (ABR) was calculated using the equations 4-4 and 4-5, with Rs, Rc, Rsc 
and Rtotal being the same as in equation (4-2) and (4-3): 
 
     
        
(                     )    - 
           (4-4) 
                             (4-5) 
 
where PBR is the portion of bacterial respiration in µg CO2 g
-1
 soil and ABR the amount of 
bacterial respiration from SIR measurements. 
4.2.5 Determination of soil microbial biomass 
Soil microbial biomass (SMB) was calculated from the CO2 respiration rates during the 
plateau periods of the SIR and SIRIN measurements following equation 4-6, as given by 
DIN ISO (17155:2011-06 2011): 
 
                                       (4-6) 
 
where RSIR is the substrate induced respiration in CO2 g
-1
 soil h
-1
 and Cmic * SIR is the 
microbial biomass in µg SMB g
-1
 dry soil mix. The constants 20.6 and 0.37 were given by 
DIN ISO (17155:2011-06 2011). 
4.2.6 Statistics and calculations 
The measured unit µmol CO2 kg
-1
 s
-1
 was converted to µg CO2 g
-1
 soil h
-1
 using a molar 
mass of CO2 of 44.01 g mol
-1
. Calculations were performed with Microsoft Excel 2007; 
statistics were carried out using SigmaPlot 11.0. All recorded flux data were checked for 
its R
2
 value. Only data with an R² > 0.9 were considered for statistical analysis. Basal 
respiration rates were relatively constant, and therefore were described by the mean value 
and standard deviation calculated from all fluxes per jar during the basal respiration 
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measurement period. Bacterial and fungal contributions to respiration were calculated 
based on fluxes during the plateau periods of the SIR and SIRIN measurements. 
Subsequently, the respective microbial biomass was calculated based on the mean ± 
standard deviation of the respiration rates during the plateau period for each jar, resulting 
in 12 (control: 9) single values for each treatment. Treatment differences of normally 
distributed data were tested by a one way ANOVA followed by Holm-Sidak Post-hoc tests 
(SMB and WHC, p < 0.05). If the data lacked normal distribution, significant differences 
were determined by Kruskal-Wallis tests, followed by Dunn´s post-hoc tests (basal 
respiration rates, SIR/SIRIN plateau respiration rates, C and N contents and C/N ratio, 
p<0.05). Correlations of fungal and bacterial biomass with C/N ratios were determined by 
Spearman Rank Orders. For an evaluation of the microbial efficiency, we determined the 
CO2 output per unit biomass (qCO2), defined by the ratio of CO2 respiration during basal 
respiration and unit of microbial biomass (ng CO2 µg
-1 
SMB h
-1
); lower values indicate a 
higher efficiency. 
4.3 Results 
4.3.1 Soil characteristics 
The mean WHC of the four treatments was 1.3 g H2O g soil
-1
, with a significantly lower 
WHC in HTC soil compared to feedstock (Figure A.4-3). The C-contents of the soil 
mixtures did not differ according to the treatments; feedstock amended soil exhibited 
significantly higher N-contents compared to HTC and biochar-soil mixtures, leading to a 
lower C/N ratio compared to HTC (Table 4-1). 
4.3.2 Basal respiration and respiration during plateau periods 
The basal respiration was increased by all carbon amendments compared to the control 
(p < 0.05). Biochar showed the highest basal respiration, followed by feedstock and HTC. 
Basal respiration values ranged between 3-14 µg CO2 g
-1
 h
-1
. Biochar led to a significant 
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increase of 34 % in basal respiration (10.25 µg CO2 g
-1
 h
-1
) compared to the control soil 
(6.7 µg CO2 g
-1
 h
-1
) (Figure 4-1). 
 The plateau period following glucose and inhibitor addition could be identified clearly 
throughout all experiments, with the earliest start after 1.8 hours and the earliest end, due 
to the start of proliferation, after 6.8 hours (Figure A.4-2). The CO2 fluxes during the 
plateau periods were much higher than basal respiration measurements, and different 
among the treatments. The qCO2 of the feedstock was significantly higher compared to the 
control and biochar (4.7 ± 0.23 vs 2.53 ± 0.89 and 2.49 ± 0.85) (Table 4-2). 
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Table 4-1: Some characteristics of the pure carbon amendments and the soil mixtures, measured before SIR and SIRIN analyses (means ±SD). Letters 
indicate significant differences between the treatments (ANOVA on Ranks with Dunn´s Post-hoc test, p<0.05). 
 
 
 pH (H2O) C-content 
[%] 
N-content 
[%] 
C/N ratio 
soil 5.8 3.5 ± 0.01 0.33 ± 0.01 10.6 
feedstock 6.8 47.94 ± 0.41 0.12 ± 0.02 399.5 
HTC 5.2 50.47 ± 1.04 0.19 ± 0.02 265.6 
biochar 10.1 60.8 ± 14.54 0.4 ± 0.09 152.0 
Samples, collected from the plots in the field, for SIR and SIRIN 
control 5.74±0.39
a
 3.9 ± 1.51
a
  0.32 ± 0.12
ab
 12.16 ± 0.73
ab
 
soilfeedstock 5.67±0.31
a
 4.38 ± 0.6
a
 0.43 ± 0.12
a
 10.78 ± 2.55
b
 
soilHTC 5.79±0.19
a
 3.98 ± 0.96
a
 0.31 ± 0.08
b
 12.72 ± 0.4
a
 
soilbiochar 5.80±0.28
a
 3.83 ± 1.08
a
 0.30 ± 0.08
b
 12.83 ± 0.85
ab
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Table 4-2: Basal and substrate induced respiration rates, soil microbial biomass (SMB) and qCO2 value [ng CO2 µg
-1
 SMB h
-1
] of the different soil 
mixtures (Mean ± standard deviation). Letters depict significant differences between the treatments (p<0.05). The qCO2 value gives the respiration of 
every ng microbial biomass per hour during basal respiration. Note different mass unit in qCO2. 
 
soil basal respiration 
[µg CO2 g
-1
h
-1
] 
respiration during plateau period (SIR) 
[µg CO2 g
-1
h
-1
] 
SMB (SIR) 
[µg gsoil
-1
] 
qCO2 during basal respiration 
[ng CO2 µg
-1
 SMB h
-1
] 
control 6.70 ± 1.30
d
 85.93 ± 16.78
bc
 1770.64 ± 345.75
b
 2.53 ± 0.89
b
 
feedstock 9.03 ± 1.46
b
 69.00 ± 24.8
c
 1425.06 ± 510.79
b
 4.7 ± 0.23
a
 
HTC 8.09 ± 1.65
c
 93.72 ± 38.15
b
 1931.05 ± 785.91
b
 3.14 ± 0.18
ab
 
biochar 10.25 ± 1.80
a
 136.26 ± 45.32
a
 2807.34 ± 933.61
a
 2.49 ± 0.85
b
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4.3.3 Contribution of bacteria and fungi to total respiration 
The contribution of bacteria (PBR) and fungi (PFR) to total respiration, as calculated by 
equations (4-2) and (4-4), revealed small but significant differences among the different 
treatments. The bacterial contribution to total soil respiration was significantly higher in 
feedstock and HTC amended soil, compared to the control. Total respiration of fungi 
(AFR) and bacteria (ABR) as calculated with equation (4-3) and (4-5) revealed a significant 
Figure 4-1: Basal respiration box plots of all basal respiration data from SIR and SIRIN, letters depict 
significant differences of the Medians, as tested with the Dunn`s Method (p<0.05). 
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higher fungal and fungal+bacterial respiration in the biochar treatments compared to all 
other treatments. Feedstock treatments exhibited significantly lower fungal respiration 
rates compared to HTC and biochar (Figure A.4-4). We found a significant positive, 
however weak correlation of fungi with C/N ratios (r = 0.374, p < 0.025). 
4.3.4 Microbial biomass 
Significant treatment differences regarding absolute microbial biomass amounts were 
found only for fungi, with biochar exhibiting highest amounts of fungal biomass (mean 
908.08 ± 278.84 µg g
-1
), compared to all other treatments (mean 550.39 ± 224.92 µg g
-1
). 
Bacterial biomass was low throughout all treatments (mean 153.42 ± 96.40 µg g
-1
), while 
the microbial biomass of other microorganisms was very variable with a mean of 1190.26 
± 428.24 µg g
-1 
(Figure 4-2). The sum of the absolute values of fungal and bacterial 
biomass revealed no significant treatment differences. Nevertheless when the other, non-
inhibited microbial biomass was included, the highest absolute SMB values occurred in the 
biochar treatment (2807.34 ± 933.61 µg g
-1
) (Figure 4-3 a). 
The fungal fraction in the SMB was significantly different between feedstock (25 %) and 
HTC (40 %). The percentage of fungi in the biochar and control treatments ranged between 
35 and 29 % (Figure 4-2 b). The fraction of bacterial biomass in SMB was increased by all 
carbon amendments compared to the control with significantly higher fractions in 
feedstock and HTC treatments (13 %) compared to the control (3 %) (Figure 4-2 d). The 
fraction of other microorganisms in total microbial biomass was the lowest in HTC, 
followed by biochar, then feedstock and the highest in the control treatment. However, 
only the fractions in feedstock and biochar were significantly lower compared to the 
control treatment (Figure 4-2 f). Combining the relative amounts of bacterial and fungal 
biomass revealed a significantly higher fungal plus bacterial biomass in the HTC 
treatments, compared to feedstock and control, which was caused by the higher relative 
bacterial biomass compared to the control and the higher fraction of fungal biomass 
especially compared to feedstock (Figure 4-3 b).  
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Figure 4-2: Absolute (left) and relative (right) shares of microbial biomass for fungi (a, b), bacteria (c, 
d) and other microbes (e, f)
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Figure 4-3: Shares of fungal and bacterial biomass in total biomass in absolute (a) and relative terms (b). Small letters depict significance of fungal fractions, capital 
letters of bacteria. Circled letters depict the significance of the summarized fungal and bacterial respiration and Greek letters the significance of the total microbial 
biomass. 
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4.4 Discussion 
4.4.1 Experimental setup 
It was assumed that by sieving the soil samples <2 mm most of the multi-cellular animals 
such as ants and nematodes had been removed and that the measured respiration rates 
therefore could be related to the target organisms. The assumption that glucose addition led 
to a maximum activation of microorganisms was based on the work of Lin and Brookes 
(1999). In this experiment, the focus was on the abundance of fungi and bacteria. However, 
the use of Streptomycin and Cycloheximide could very well have triggered some 
secondary effects, such as the inhibition of non-target microorganisms, or provision of 
supplementary C- and N-sources by increasing the amount of dead microbial biomass in 
the soil (Badalucco et al., 1994). The activity of not-inhibited microbial biomass was 
estimated based on the differences in bacterial plus fungal respiration compared to total 
respiration.  
4.4.2 Microbial biomass and activity 
The SMB determined in this experiment is in line with results from other studies on the 
abundance of microorganisms in the surface soil layer of temperate, extensively cultivated 
grassland (Lavahun et al., 1996; Jangid et al., 2011). The percentages of bacteria and fungi 
in total SMB are with 3-13 % and 25-40 % rather low compared to other studies. The 
presence of the carbon amendments as well as differences in soil properties (pH, carbon 
content) and soil management, as well as the above mentioned methodological constraints 
may all be underlying causes to these inconsistencies (Anderson and Domsch, 1975; Lin 
and Brookes, 1999). 
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4.4.2.1 Feedstock 
Absolute fungal biomass in the feedstock treatment was significantly lower compared to 
the biochar and HTC treatments, while biomass from other microbes was reduced 
compared to the control. However, bacterial biomass was not different from the other 
treatments. This resulted in the lowest overall SMB of 1425.06 µg g
-1
. This, combined with 
high basal respiration rates of the feedstock treatment, likely indicates the presence of 
fewer but more active fungi and other non-inhibited microbes. Feedstock treatments 
exhibited a high WHC and N-content, compared to the other treatments. This could have 
triggered microbial activity (Lin and Brookes, 1999; Peacock et al., 2001) (Figure A.4-3, 
Table 4-1). Furthermore, the low substrate induced respiration rates combined with a 
significantly higher qCO2 value suggest that in the feedstock treatment a higher percentage 
of microorganisms was active (not dormant) before substrate addition. This indicates a 
lower microbial efficiency.  
These results are in contrast to other medium- and long term studies (1-18 years) on the 
effect of straw application on soil microbial biomass, which resulted in an overall increase 
in microbial biomass (Powlson et al., 1987; Ocio et al., 1991). On the other hand, the 
observed increased soil N content and the low C/N values in feedstock treatments at the 
end of the experiment were correlated with the low fungal biomass. This is in agreement 
with other studies, indicating an advanced degradation of Miscanthus feedstock material 
and the release of microbially immobilized N (Neely et al., 1991; Hobara et al., 2014). One 
explanation could be that a certain fungal community specialized on lignin decomposition, 
first displaced other microbes and died after this C-substrate was exploited (Hatakka, 1994; 
Hammel, 1997). As a consequence, our measurements might have detected a reduced 
surviving microbial biomass, slowly rebuilding to its former abundance and composition as 
the carbon amendment effect of Miscanthus straw had subsided (Drenovsky et al., 2004). 
The significant relative increase in bacterial biomass however indicates that bacteria could 
better handle the conditions caused by Miscanthus straw in the soil. Other studies reported 
that bacteria benefitted from dissolved organic carbon (DOC) more than fungi (Marschner 
et al., 2003; Cleveland et al., 2007). DOC or available carbon provided by Miscanthus 
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straw might therefore explain the microbial community shift as compared to the control 
soil. 
4.4.2.2 HTC 
SMB in the HTC amended soil was similar to the feedstock and control treatment, however 
it was lower compared to biochar amended soil. The basal respiration rates of the HTC 
amendment indicated a slightly higher microbial activity than in the control soil, 
nevertheless microbial efficiency, as indicated by the qCO2 value, was not affected (Table 
4-2). 
The absolute amounts of SMB revealed a higher fungal biomass in HTC compared to the 
feedstock treatment. This suggests that degradation of HTC was not as progressed as that 
of feedstock material, leaving sufficient material for fungal activity. Both increased 
relative bacterial and fungal fractions in total SMB point to a microbial community shift 
due to the addition of HTC material. It seems likely that HTC triggered a very diverse, 
specific microbial community, which specialized on the degradation of particular de-
polymerized and re-synthesized carbon compounds that originated from the production 
process of HTC (Waldrop and Firestone, 2004; Diakite et al., 2013). As a result of the 
production process HTC has, compared to feedstock, an additional nutrient supply, such as 
phosphorus, as well as a proportional higher amount of ligneous components.  This could 
have triggered fungal growth or the microbial community shift (Allison et al., 2007; Funke 
and Ziegler, 2011; Funke et al., 2013a). The C/N ratio is considered to be an indicator for 
microbial biomass, with high C/N ratios pointing to a higher abundance of fungi (Eiland et 
al., 2001), which is consistent with our results. Other studies found that HTC supported 
spore germination and root colonization of mycorrhizal fungi (Rillig et al., 2010). It is 
likely that in the current study, the leftovers of the mycorrhizal biomass, resulting from the 
root removal at the start of the experiment, were detected. More detailed studies aiming to 
identify microbial species associated with the plant-soil-HTC matrix are needed. 
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4.4.2.3 Biochar 
Biochar amended soils exhibited a significantly higher SMB compared to all other 
treatments. The total microbial biomass in the biochar soil consisted of around 34.5 % 
fungi, leading to a significantly higher amount of fungal biomass compared to the control 
and feedstock treatments (Figure 4-3 a). The effectivity of the microorganisms in the 
biochar soils was similar to the control, as indicated by the qCO2 ratios, suggesting a 
similar amount of available nutrients per mass unit of microbial biomass and consequently 
a higher amount of available nutrients in the biochar soil. A strong stimulation of microbial 
activity as indicated by high SIR values, together with qCO2 values similar to the control, 
indicates that most of the microorganisms in the biochar and control treatments were 
inactive, which is common for soils receiving low or irregular fertilizer input, because of 
low nutrient availability to micro-organisms most of the time (Jenkinson and Ladd, 1981). 
In biochar amended soils, the significantly higher SMB indicated a stimulation of the 
microorganisms, likely caused by an improved nutrient retention from slurry by biochar 
(Taghizadeh-Toosi et al., 2011a). Nevertheless, the nutrients bound to biochar could have 
become depleted during the long time period between slurry addition and collection of the 
soil samples – around 6 months –, inducing a low basal respiration and microbial activity. 
pH induced changes of the microbial biomass might have occurred directly after initiation 
of the experiment, but were not observed at the time of sampling (Table 4-1) (Baath and 
Anderson, 2003). 
A higher abundance and activity of microorganisms in biochar amended soils compared to 
unamended control soil was found by others, whereby the nutrient availability of the 
background soil seemed to be the most important influencing factor (Kolb et al., 2009; Jin, 
2010; Gomez et al., 2014; Muhammad et al., 2014). Also, stimulation of fungi following 
biochar amendment has been reported elsewhere (Sun et al., 2013). More specifically, 
biochar amendment increased the inoculation of soil with mycorrhiza, most likely by 
improving the habitat conditions of extraradical hyphae of mycorrhiza over saprophytic 
fungi, as the saprophytic fungi are not able to use biochar as a substrate (Saito and 
Marumoto, 2002; Quilliam et al., 2012), or pH effects (Hu et al., 2014). However, in our 
experiment, we assumedly removed a large amount of mycorrhiza with the roots in the 
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beginning of the experiment and fertilization with slurry may have prevented nutrient 
competition in our soils, as indicated by a high amount of other microorganisms in the 
biochar soil. Further research on the interactions of biochar and microorganisms, providing 
deeper insights in the different stages of fungal development on a species level following 
biochar amendment to soil is clearly necessary.  
4.4.2.4 Comparison of treatments  
The addition of Miscanthus feedstock to soil did not improve the conditions for 
microorganisms in soil. Also, HTC amended soil exhibited similar absolute microbial 
biomass amounts to the feedstock and control treatments. Therefore HTC seems to be an 
unsuitable compromise between pure Miscanthus straw and biochar if the aim is to 
increase microbial biomass. However, bacteria responded with a significant relative 
increase of total biomass to feedstock and HTC amendment, as compared to the control, 
but not to biochar amendment (Figure 4-3 b). Possibly, the effect of biochar on bacteria 
was masked by the dominance of a certain fungi species, inhibiting bacteria e.g. by the 
production of antibiotics (Boer et al., 2005). Nonetheless, biochar increased the total 
abundance of microorganisms in soil which could be of great influence on microbial 
activity and nutrient turnover rates, e.g. of C and N, regarding fresh litter inputs (Vanveen 
et al., 1984; Vanveen et al., 1985). Priming experiments, focusing on the fate of labile 
carbon materials added to aged biochar/HTC soils, are needed in greater number to 
elucidate the feedback mechanisms of biochar/HTC induced soil microbial community 
changes on soil properties, with consequences for nutrient management and plant growth. 
4.5 Conclusion 
This experiment indicated that the addition of Miscanthus × giganteus material to 
grassland soil had long term effects on soil microbial biomass, but that these effects varied 
widely. The addition of pure Miscanthus straw did not increase SMB as would be expected 
due to the addition of a labile carbon source. Instead, SMB in feedstock amended soil 2.6 
years after application was even lower than SMB in the control soil.  
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Other than expected, HTC did not cause a higher abundance of fungi as, coherently, 
changes in the soil pH have not been observed. On the contrary, a microbial community 
shift in feedstock and HTC amended soil was observed, leading to an increased fraction of 
bacteria in total biomass, compared to the control.  
Biochar, as hypothesized, increased all microbial community groups in equal proportions, 
leading to a significantly higher overall microbial biomass. Our results provide indications 
that a biocompatible way of soil application of HTC or biochar is possible and that thereby 
SOC can most likely be permanently increased. However, changes in the composition of 
the soil microbial community following carbon amendment should be investigated in more 
detail, with the focus on different fertilization and soil management regimes. 
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4.7 Appendix 
Figure A. 4-1: Measurement result of a single jar with control soil during basal respiration of SIR (a) and during plateau period of SIR (b), given by 
Licor 8100. 
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 Figure A. 4-2: General scheme of SIR, based on the findings of Anderson and Domsch (1973) and DIN 
ISO (17155:2011-06 2011). 
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Figure A. 4-3: Water holding capacity of the different soil mixtures, as tested by a 
one-way ANOVA, followed by a Holm-Sidak Post-hoc test (mean ± SD). Letters 
depict significant differences between the treatments. 
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Figure A. 4-4: Comparison of the respiration rates according to the four treatments during the plateau 
period of SIRINs (equivalent to Rs, a), SIRINc (equivalent to Rc, b), SIRINsc (equivalent to Rsc, c) and 
SIR (equivalent to Rtotal, d) measurements, based on median tests followed by a Dunn´s post-hoc test 
(p<0.05). Different letters depict significant differences. 
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Abstract 
Little is known about the degradation performance and environmental impacts of carbon 
amendments such as hydrochar and biochar in soil under the influence of forced 
weathering. Thus, we assessed the degradation and the greenhouse gas (GHG) balance of 
Miscanthus x giganteus biochar (from pyrolysis), hydrochar (from steam and water 
hydrothermal carbonization, HTCs and HTCw) and the uncarbonized feedstock material in 
two different soils, a sandy and a loamy soil, under the influence of simulated wet-dry and 
freeze-thaw cycles and simulated plowing, and glucose additions. Hydrochar, biochar and 
feedstock were mixed with a sandy and a loamy soil at a rate of 1.96 wt% and incubated at 
30°C (except during freeze-thaw events) over the period of 389 days. Degradation kinetics 
were quantified by source partitioning of the headspace 
13
C-CO2 and the application of an 
isotope two component mixing model. Additionally, microbial biomass and composition 
was quantified and characterized at the end of the experimental period by chloroform 
fumigation extraction and phospholipid fatty acid analysis.  
The molecular composition and structural properties of the carbon amendments obtained 
by elementary analysis and NMR spectroscopy proved to be suitable indicators for the 
degradation rate which followed the sequence feedstock > HTCs > HTCw > biochar ≥ 
control over the experimental duration. The cumulative N2O emissions were associated/in 
line with the cumulative CO2 emissions, and hence by the structural properties of the 
amendments. Only the addition of glucose led to slightly altered degradation, triggering 
temporary co-mineralization of the otherwise recalcitrant materials HTCw and biochar. 
Our results show that only biochar remained stable over a period of forced weathering 
under high temperatures (30°C) with expected high biological activity in both soils. 
Moreover biochar exerted a negative priming effect, especially in sandy soil. The 
contribution of alternating weather conditions and possibly co-metabolism to the 
degradation of carbon amendments in soil was likely underestimated so far. 
 
Keywords: biochar, hydrochar, degradation, greenhouse gases, SOC priming, 
Miscanthus × giganteus 
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5.1 Introduction  
A range of application possibilities of carbonized biomass as well as hydrochar/biochar 
carbonization techniques such as hydrothermal carbonization or slow and fast pyrolysis 
have been developed and improved during the last decades (Meyer et al., 2011). The 
different production processes, their potential feedstock supply as well as their resulting 
products may all have their specific application fields. Hydrothermal carbonization 
(HTCw) for example is well suited to process wet feedstock material, being energy 
sufficient, and yielding a material similar to brown coal or peat, i.e. a possible peat 
substitute (Mumme et al., 2011; Cao et al., 2013). An optimized HTC production process 
has resulted in another, even more energy conserving process when water vapor is used 
instead of liquid water, lately known as vapo-thermal or steam carbonization (HTCs) 
(Funke et al., 2013b). Pyrolysis is better-suited for drier feedstocks; pyrolysis for energy 
and charcoal generation has been practiced likely since thousands of years (Antal Jr and 
Grønli, 2003). The idea to use charcoal-like remains of pyrolysis for soil C sequestration 
and possibly soil improvement (biochar) dates back to the discovery of anthropogenic dark 
earths as well as natural black soils (Chang, 1996; Reina et al., 1998; Ponomarenko and 
Anderson, 2001; Nurul Islam et al., 2005; Marris, 2006).  
Theoretically, hydrochar (or HTC) and biochar (or pyrochar) should enhance the net total 
organic carbon (TOC) content of soils, and, in spite of short-term and transient increases in 
hydrochar/biochar degradation, contribute to the long-term stable carbon pool of soils 
(Titirici et al., 2007; Stavi and Lal, 2013). Nevertheless, a reliable link of the stability of 
carbon amendments in soil to positive or negative feedbacks on ecosystem processes is still 
not known. A better predictability of the degradation potential of C amendments in soils 
(including indirect effects via greenhouse gas emissions) as related to their material 
properties would facilitate the classification and usability of specific carbon amendments 
for carbon capture and soil storage, and the calculation of carbon offset potentials (Gaunt 
and Lehmann, 2008; Whitman and Lehmann, 2009; Harvey et al., 2012; Stavi, 2013).  
The stability of carbon amendments in soil often depends on structural properties of the 
material such as cellulosic, ligneous or aromatic compounds, elemental composition and 
presence of functional groups (Sollins et al., 1996; Spokas, 2010; Bai et al., 2014). 
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Generally, carbonization of plant material has been found to increase the half-life when 
incubated with soil for about 1.6 or 3.4 years on average for hydrochar and 6.75 or 24.6-
34.2 years for biochar, compared to the respective uncarbonized reference material 
(Steinbeiss et al., 2009; Qayyum et al., 2012; Bai et al., 2013). As a consequence, the 
different carbonization processes, especially in view to hydrothermal carbonization and 
pyrolysis may be suitable to distinguish the properties and recalcitrance of carbon 
amendments against degradation (Lehmann et al., 2009; Spokas, 2010; Schimmelpfennig 
and Glaser, 2012; Singh et al., 2012). On the other hand, soil properties such as carbon and 
nitrogen content (Bai et al., 2013) or ecosystem properties such as the presence of 
vegetation (root exudate supply), the abundance of soil microorganisms and most of all 
temperature and soil moisture are equally crucial factors determining the speed of carbon 
amendment degradation in soil (Kögel‐Knabner et al., 2008; Schmidt et al., 2011).  
Studies on the effects of carbon amendments on the GHG balance of soils are rather 
ambiguous and both positive and negative effects have been reported (Van Zwieten et al., 
2009; Kammann et al., 2012; Mukherjee and Lal, 2013; Dicke et al., 2014).  
Carbon dioxide (CO2) emissions from carbon-supplemented soils without plants can either 
originate from soil organic carbon (SOC) and/or amended C from the amendments. Neither 
a fast degradation of the carbon amendments nor an additional mineralization of SOC 
(positive priming) following their application is desirable. Many studies report CO2 
emission peaks after biochar and particularly hydrochar application to soil, which has been 
related to a labile C pool e.g. volatile compounds or carbonates, functional groups or a 
biochar/hydrochar induced pH shift, providing suitable conditions for microorganisms 
(Zimmerman, 2010; Jones et al., 2011; Keith et al., 2011; Wang et al., 2011; Eibisch et al., 
2013; Farrell et al., 2013; Malghani et al., 2013). Subsequent biochar mineralization was 
reported to level out to very low rates, indicating that biochar is a rather recalcitrant, stable 
C-pool (Kuzyakov et al., 2014), while hydrochar continued to mineralize (Kammann et al., 
2012; Malghani et al., 2013; Bamminger et al., 2014a). However, biochars´ recalcitrant 
behavior may be reduced by the addition of labile carbon substrates, such as glucose or 
straw, indicating its susceptibility to co-metabolization (Hamer et al., 2004; Kuzyakov et 
al., 2009). Biochar was found to prime SOC positively and/or negatively, depending on 
soil properties such as texture and SOC content, SOC structure and microbial community 
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composition or the biochar feedstock (Zimmerman, 2010; Keith et al., 2011; Dempster et 
al., 2012; Cely et al., 2014). Concerning non-CO2 GHG emissions, hydrochar and 
uncarbonized feedstock often led to higher soil N2O emissions compared to unamended 
controls in incubations and field studies (Kammann et al., 2012; Schimmelpfennig et al., 
2014). However, decreased N2O emissions from hydrochar-amended soils have also been 
reported (Malghani et al., 2013). Methane oxidation was typically increased by both 
C-amendments, yet if the soil was flooded or fertilized, the methane sink temporarily 
turned into a source (Kammann et al., 2012; Schimmelpfennig et al., 2014).  
Cayuela et al. (2014) showed by a meta-analysis that biochar soil amendment reduced N2O 
emissions on average by 54 %. Furthermore, biochar decreased methane emissions from 
soils by reducing the abundance of methanogenic archaea (Dong et al., 2013) or by 
improving habitat conditions for methanotrophic bacteria, likely by an increase of the soil 
pH (Shen et al., 2014), soil aeration (Van Zwieten et al., 2009), the retention of CH4 in 
biochar pores (Feng et al., 2012) or provision of potassium, stimulating the methanotrophic 
bacteria population (Barbosa de Sousa et al., 2014). However, increased CH4 emissions 
were also reported, possibly due to biochar-delivered carbon compounds available to 
microorganisms and interactions with slurry during fertilization (Zhang et al., 2010). 
Overall, the mechanisms and processes of biochar involvement in GHG emissions from 
soil are considerably influenced by soil type (SOC-content, texture, pH and nutrient 
status), management (fertilization), regional climate and the type of biochar (feedstock and 
production process conditions, C/N ratio etc.), which makes it difficult to estimate 
interactions and impacts (Mukherjee and Lal, 2013; Cayuela et al., 2014).  
Still little is known about the stability of C amendments and associated GHG fluxes in 
particular under weather events such as frost-thaw cycles, drought or heavy precipitation, 
the frequencies of which are likely to increase (Field, 2012; Reichstein, 2012). Such 
weather events can disrupt soil aggregates and promote soil erosion, leading to carbon and 
nutrient losses (Martınez-Casasnovas et al., 2002; Müller et al., 2003; Fry et al., 2014). 
However, biochar and potentially hydrochar, if sufficiently stable may alleviate the 
impacts of some extreme weather events e.g. by improving the soils´ water holding 
capacity, soil aggregate formation or the recovery rate of microorganisms after drought 
events, depending on biochar application rate, feedstock and soil type (Liu et al., 2012; 
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Herath et al., 2013; Mukherjee and Lal, 2013; Liang et al., 2014). Thus, the objectives of 
this study were to investigate (1) the influence of carbon amendments from a carbonization 
gradient on the GHG budget of two soils with different texture and SOC content, (2) 
whether the degradation of carbon amendments and N2O emissions can be linked to their 
structural properties and (3) whether the intrinsic recalcitrance of biochar can be markedly 
altered by forced weathering and glucose addition, leading to priming effects, and (4) to 
which degree soil microorganisms are influenced by the different carbon amendments. 
5.2 Material and methods 
5.2.1 Material 
The top layer (0-10 cm) of two contrasting temperate soils were sampled for the 
incubations, a grassland soil (Haplic Stagnosol, WRB (2006)) with a texture of 25 % sand, 
47 % silt and 28 % clay, total organic carbon content (TOC) of 2.23 %, 0.2 % nitrogen (N) 
and a pH of 6.88 ± 0.02 and an agricultural Cambisol (HLUG, 2014) with a texture of 
85 % sand, 10 % silt and 5 % clay, TOC of 0.63 %, 0.04% N and a pH of 5.52 ± 0.05. The 
field-fresh soil was sieved through a 10 mm sieve, to removee large roots, rhizomes and 
stones.  
All carbon amendments (hereafter all termed “char” or “carbon amendment”) were 
produced from Miscanthus × giganteus chaff, either used untreated (= feedstock), 
hydrothermally carbonized (steam and water atmospheres, termed hydrochar steam = 
HTCs and hydrochar water = HTCw in the following), or pyrolyzed (biochar). The field 
grown, senescent Miscanthus was harvested in winter 2009 when all aboveground plant 
material had receded. Hydrothermal carbonization (steam) was carried out by keeping the 
feedstock in a water vapor atmosphere for 2 hours at a temperature of 200 ± 3 °C under a 
pressure of 1.6 MPa (Revatec, Geeste, Germany, at that time Hydrocarb GmbH, Ohmes, 
Germany). For water-based HTC, the Miscanthus straw was processed at 240 °C and 3.1-
3.8 MPa for 8 h in distilled water using an 18.75 L Parr series 4555 pressure reactor (Parr 
Instruments, Moline, IL, USA). The reactor contents were heated by an external heater 
operated by a Parr controller. The heating rate was set to 2 K min
-1
. The reactor content 
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was not stirred. After the process, the heater was switched off and the reactor was cooled 
over night to about 50°C. Subsequently, the HTC slurry was removed from the reactor, 
filtered by a wired mesh and the resulting solids were dried for 48 h at 60 °C. 
Biochar was produced using a pyrolysis unit with a continuous flow reactor at 550-600 °C 
and a mean residence time of the material in the reactor of 15 min (Pyreg GmbH, Bingen, 
Germany). All materials were ground to < 10 mm before use (SM 300, Retsch GmbH, 
Haan, Germany). 
5.2.2 Methods 
5.2.2.1 Experimental setup 
The experiment was set up at the end of May 2012 and kept until mid-August 2013 (441 
days, see timeline, Figure A.5-1). The carbon amendments were mixed with sandy or 
loamy soil at the rate of 1.96 wt % (equivalent to 29.2 or 19.6 t amendment per hectare, as 
calculated for an application depth of 10 cm for sandy or loamy soil, respectively), into 
glass incubation jars (1100 ml, Weck®, Germany) and kept inside a drying closet at 30°C 
to stimulate microbial activity (n = 7 per treatment). Four replicates were used for weekly 
measurements of the GHG fluxes of CO2, N2O and CH4. The other three replicates were 
used to perform elementary analysis and to measure pH values in the beginning and the 
end of the experiment, and for substrate-induced respiration (SIR) measurement after eight 
months. The water content of the samples was set to 60 % of the maximum water holding 
capacity (WHC) and adjusted weekly (Figure A.5-1), whereby the WHC of each mixture 
was previously determined as described by Schimmelpfennig et al. (2014).  
The soil mixtures were fertilized with dissolved NH4NO3 five times during the 
experimental period, equivalent to 50 µg nitrogen (N) per g soil mix a time, to stimulate 
microbial activity and trigger N2O emissions (Figure A.5-1).  
We forced the degradation of the carbon amendments by the simulation of several 
“weather events” in the experiment, which are termed “sections” in the following. The first 
four months (days 0-131) of the incubation are considered a period of labile char-carbon 
degradation with a constant WHC of 60 % and no further disturbances (Section 1). On day 
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132, we increased the water content of the soil mixtures to 100 % WHC, with a subsequent 
drying phase decreasing the WHC to 50 % (Section 2, days 132-232). From day 233 
onward, several freeze/thaw cycles were performed, where the jars were repeatedly put to 
either 4°C or -20° C over several days and taken out to thaw and to perform gas flux 
measurements (Section 3, days 232-302). On day 303 a plowing event was simulated by 
stirring the soil mixtures with a plastic spoon (Section 4, days 303-353). After 12 months 
of incubation (t1 in the following), a priming experiment was carried out by adding 80 mg 
glucose powder g
-1
 soil mix, as a labile carbon source to each jar (Section 5, days 354-
399). 
5.2.2.2 Analytical procedures 
Soil pH (H2O) was measured using a pH meter (ratio 2.5:1 soil/water) (InoLab; WTW, 
Weilheim, Germany). Elementary analyses including carbon (C), nitrogen (N), sulfur (S) 
and hydrogen (H) of the raw materials and the soil mixtures were conducted using an 
elementary analyzer (CHNS Macro/VarioMax Elemental Analyzer, Elementar 
Analysensysteme GmbH, Hanau, Germany). The Oxygen content (in %) was determined 
as difference between 100 and the sum of the other measured elements plus ash, see Table 
5-1.  
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Table 5-1: Elemental composition of the carbon amendments, means ± SD (n=3). Oxygen values were determined by difference (100-the sum of the 
other elements and ash). All values refer to the dry weight. Letters depict significant treatment differences (One way ANOVA, Holm-Sidak Post-hoc test 
P<0.05) 
 
Material C[%] N[%] S[%] H[%] Ash[%] O[%] H/C atomic 
ratio 
O/C atomic 
ratio 
C/N mass ratio 
Feedstock 47.94±0.41
A
 0.12±0.02
A
 0.19±0.00
A
 5.71±0.06
D
 1.57±0.67
A
 44.48±0.73
D
 1.42±0.01
D
 0.70±0.01
D
 412.14±93.15
B
 
HTCs 50.47±1.04
B
 0.19±0.02
B
 0.22±0.01
AB
 5.19±0.11
C
 3.56±0.60
B
 40.38±1.28
C
 1.22±0.01
C
 0.40±0.01
B
 263.93±20.31
A
 
HTCw 66.35±0.28
C
 0.24±0.01
C
 0.25±0.04
B
 4.40±0.09
B
 2.05±0.06
A
 26.71±0.26
B
 0.79±0.01
B
 0.46±0.02
C
 274.88±11.52
A
 
Biochar 75.65±1.09
D
 0.43±0.04
D
 0.19±0.01
A
 0.79±0.04
A
 18.45±0.24
C
 4.48±1.30
A
 0.12±0.00
A
 0.04±0.01
A
 175.86±15.93
A
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Structural analysis of all carbon amendments was carried out by high-resolution 
13
C solid-
state NMR spectroscopy (cross polarization-magic angle spinning) on a Unity INOVA 400 
spectrometer (Varian Inc. USA). The spectra were Fourier transformed, base lines were 
corrected and integrated with the spectrometer's software package VNMRJ 2.2D. For 
quantification of selected structural elements, all spectra were divided in four sections and 
their signal intensities were determined (normalized to a total intensity of 100). Section 
boundaries were 0-50 ppm (aliphatic C), 50-60 ppm (-O-CH3 = lignin), 60-110 ppm 
(cellulose), 110-220 ppm (aromatic C).  
GHG fluxes were determined on a weekly basis following the method described by 
Hutchinson and Livingston (1993) adapted to jar measurements (Kammann et al., 2009). 
Briefly, after jar closure, 50 ml gas samples were taken with syringes three times in equal 
time steps over 0.5 – 2 hours (depending on the incubation temperature). Gas samples were 
analyzed within 24 hours on a gas chromatograph equipped with a flame ionization 
detector (for CH4) and an electron capture detector (for N2O and CO2; set-up according to 
Loftfield et al. (1997). The GHG fluxes were calculated by linear regression, considering 
the ideal gas law as well as average air pressure and temperature during the sampling 
period (Kammann et al., 2009).  
The overall GHG budget of the soil mixtures was expressed as CO2 equivalents (CO2eq), 
calculated from the CO2, N2O and CH4 fluxes using the respective 100-year global 
warming potentials (GWPs) as given in the IPCC 4AR (GWP N2O = 298, GWP CH4 = 25) 
(IPCC, 2007).  
At the end of Section 1, prior to fertilization (day 115) and subsequent glucose addition 
(day 368, Section 5), gas samples for the analysis of the isotopic composition of CO2 
(Microgas IRMS, Isoprime Ltd., Wytenshaw, UK) were taken with syringes and 
transferred into evacuated 12 ml vials (Labco, UK) and measured against the IAEA 
standards CH6, 305 and 310, Vienna, Austria. 
The 
13
C/
12
C ratios of the soil and the carbon amendments were determined using an 
elementary analyzer coupled to an isotope ratio mass spectrometer (EA-IRMS, Eurovector, 
Thermo Fisher Delta V Advantage, Thermo Fisher Scientific GmbH, Dreieich, Germany).  
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5.2.2.3 Carbon budget and isotope mass balance calculation 
The TOC contents of the soil mixtures at t1 (prior to the priming experiment, days 0-365) 
and t2 (after the priming experiment, days 366-399) were determined by subtracting the 
cumulated CO2-C losses from the initial C-amounts within the soil mixtures. The relative 
carbon losses of the soil mixtures and their respective shares (SOC or char-C) were 
calculated using the isotopic signature of the headspace CO2 sampled at day 115 for the 
period prior to the priming experiment (t0-t1), and the signature of the gas sampled after 
glucose addition (day 368) for the period during the priming experiment (period t1-t2), 
compared to a control (Hamer et al., 2004). The loss of char-C was estimated by 
determining the relative C-share in CO2 using equation 5-1:  
 
         
            
             
                  (5-1) 
 
where 
13
CO2 is the percentage of char-C in the respired CO2, δm x is the isotopic ratio of 
the soil mix (soil+char (+glucose)), δ     is the isotopic ratio of the pure soil (+glucose) 
and δ h   the isotopic ratio of the specific char (Amelung et al., 2008; Luo et al., 2011). 
The isotope ratios of the soil mixtures were obtained from 
13
CO2 gas measurements on day 
115 (end of Section 1) and day 368 (start of Section 5) respectively, with source 
partitioning using Keeling plots. The calculation is based on the following assumptions: 1. 
the integrated 
13
C signature for the soil-plus-glucose CO2 would be identical for the control 
and the char-amended soils. Possible interactions of glucose and char mineralization were 
not taken into consideration. 2. The respective signatures of CO2-C originating from the 
amendment or soil are similar to that of their sources. 3. The calculated ratio of the 
measurement in September can be extrapolated to all CO2 measurement time points in the 
period before glucose addition (t0-t1) and the ratio in the beginning of the priming 
experiment applies to all subsequent measurements of the priming section (t1-t2). From the 
calculated cumulative char-C loss, the daily char-C loss was determined according to the 
five Sections, and the influence of glucose addition on char-C mineralization was 
quantified.  
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The mean residence time (MRT = k
-1
/365) and half-life (k
-1
/365) of the carbon 
amendments were estimated using a single exponential decay model (Lehmann et al., 
2009), since our data did not comply with the requirements for a double exponential model 
such as constant experimental conditions and an experimental duration of several years 
(Kuzyakov et al., 2009).  
5.2.2.4 Extractable organic carbon, microbial biomass and community 
composition 
At the end of the experiment (t3), the soil mixtures were analyzed for their extractable 
organic carbon (EOC) and soil microbial biomass carbon (Cmic) by the chloroform-
fumigation-extraction (CFE) method (Vance et al., 1987). In brief, 10 g of the chloroform 
fumigated soil subsample (24 h at 22 °C) were extracted with 40 ml 0.5 M K2SO4 on a 
horizontal shaker for 30 min at 250 rpm and centrifuged for 30 min at 4400 g. Another 10 
g subsample remained non-fumigated but was extracted similar to the fumigated sample. C 
and N in supernatants of fumigated and non-fumigated samples were measured on a Multi 
N/C 2100S TOC/TN-analyzer (Analytik Jena, Jena, Germany). Cmic was calculated by 
subtracting the extractable C values of the non-fumigated from that of the fumigated 
samples. For calculation of Cmic, the conversion factor kEC 0.45 (Joergensen, 1996) was 
used. EOC was calculated from C concentration in supernatants of the non-fumigated 
samples. 
Phospholipid fatty acids (PLFA) of the soil mixtures were extracted following the method 
of Frostegård et al. (1993). A Bligh and Dyer solution (chloroform, methanol, citrate 
buffer, pH=4, 1:2:0.8;v/v/v) was used to extract glycol-, neutral- and phospholipid fatty 
acids and the fractions were separated by silica acid columns (0.5 g silicic acid, 3 ml: 
Varian Medical Systems, Palo Alto, California). PLFAs were classified according to 
Frostegård and Bååth (1996), Zelles (1999) and Kaiser et al. (2010), whereby the branched 
fatty acids i15:0, a15:0, i16:0 and i17:0 were summed as Gram-positive, the cy17:0 and 
cy19:0 as Gram-negative bacteria, the biomarker 16:1ω7 served as additional fatty acid for 
identification of total bacteria and 18:2ω6,9c for fungal PLFA. Total PLFA (PLFAmic) is 
the sum of bacterial and fungal PLFA. 
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For a correlation of the microbial parameters with CO2 fluxes, we extrapolated and 
cumulated the fluxes from the day 399, the time point when the glucose effect had been 
leveled out, to the end of the experiment (day 441, t3). 
5.2.3 Statistics and calculations 
Statistics were carried out using SigmaPlot 11.0 (Systat Software Inc., San José, 
California, USA), IBM SPSS Statistics Version 20 (IBM Corporation, Armonk, New York, 
USA) and Xact 8.03 (SciLab, Saint Yrieix, France). The cumulated CO2, N2O, CH4 and 
CO2eq fluxes were integrated over the experiment duration using linear interpolation 
between measurement dates. Differences in CO2eq over the incubation period were 
determined by a Repeated Measurements ANOVA and Post-hoc tests (Tukey HSD), 
factoring in the different time intervals between the gas measurements. Overall treatment 
effects, char-C losses in g per day within the five time sections, and differences between 
the single sections within one treatment were tested by one-way ANOVAs followed by 
LSD or Holm-Sidak post-hoc tests, or by ANOVA on Ranks followed by SNK or Tukey 
HSD post-hoc tests. Differences in the char-C degradation rates according to soil or 
treatments were determined by one-way ANOVAs on Ranks followed by Tukey HSD 
Post-hoc tests. 
CO2 and N2O flux sums, percent SOC, char-C and TOC (SOC+char-C, excluding glucose-
C) losses, Cmic, EOC, pH, WHC and MRT were tested for significant effects of the 
influencing factors “treatment” (C additive form) and “soil type” by two-way ANOVAs 
followed by Holm-Sidak post-hoc tests (CI=95 %). CH4 flux sums were tested by a two-
way ANOVA on ranks due to lack of normal distribution or heterogeneity of variances, 
followed by a Tukey HSD post-hoc test (CI=95 %; Table 5-2). Correlations of the 
cumulated CO2 and N2O-N fluxes were tested by Spearman Rank Order Correlation, since 
the data were not normally distributed. Correlations between microbial parameters and pH 
and CO2 (t2-t3) fluxes were performed using Pearson Correlation. Correlations of the ratio 
of initial TOC [g] / remaining TOC [g] (g Cin/g Crem) and the characterization parameters 
H/C-O/C ratio, cellulose and aromatics content of the char samples were calculated using 
Michaelis-Menten equations. 
  
 
Chapter 5: How to break it- degradation of Miscanthus × giganteus feedstock, hydrochar and biochar under the influence of simulated extreme events  
139 
 
 
Table 5-2: Statistical results of the two-way ANOVA with the factors soil, treatment and soil x treatment interaction (CI = 95%); MRT, mean residence 
time; WHC, water holding capacity. 
Parameter tested soil treatment soil x treatment displayed in 
F p F p F p 
Cumulated CO2 fluxes [g CO2 kg
-1
 soil mix] 8.28 0.007 510.23 <0.001 17.08 <0.001 Fig. 5-1 
Cumulated N2O fluxes [mg N kg
-1
 soil mix] 2.77 0.106 75.57 <0.001 2.36 0.076 Fig. 5-1 
Cumulated CH4 fluxes [µg CH4 kg
-1
 soil mix 445.10 <0.001 24.80 <0.001 19.23 <0.001 Fig. 5-1 
SOC loss [% of initial] 866.04 <0.001 93.77 <0.001 40.40 <0.001 Fig. 5-5,-6,-7 
Char-C loss [%of initial] 0.56 0.459 761.86 <0.001 53.43 <0.001 Fig. 5-5 
TOC loss [%of initial] 2.23 0.146 469.14 <0.001 16.61 <0.001 Fig. 5-5 
Cmic [µg C g
-1
 dw] 85.06 <0.001 6.68 <0.001 6.23 <0.001 Fig. 5-8 
EOC [µg C g
-1
 dw] 364.56 <0.001 45.54 <0.001 25.14 <0.001 Fig. 5-8 
PLFAmic [nmol g
-1
] 940.56 <0.001 16.26 <0.001 23.88 <0.001 Fig. 5-9 
Gram positive bacteria [nmol g
-1
] 1356.21 <0.001 5.17 0.003 5.98 0.001 Fig. 5-9 
Gram negative bacteria [nmol g
-1
] 1029.93 <0.001 12.24 <0.001 8.05 <0.001 Fig. 5-9 
Fungi [nmol g
-1
] 12.37 0.001 10.37 <0.001 39.44 <0.001 Fig. 5-9 
MRT [years] 8.45 0.008 583.36 <0.001 72.03 <0.001 Table 5-5 
WHCmax [%] 452.60 <0.001 18.50 <0.001 3.64 0.022 Fig. A.5-2 
pH at initiation of experiment 2050.83 <0.001 57.35 <0.001 8.34 <0.001 Table A.5-1 
pH at the end of the experiment 7163.15 <0.001 116.43 <0.001 77.70 <0.001 Table A.5-1 
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5.3 Results 
5.3.1 pH and WHC 
Feedstock initially increased the pH value of pure sandy soil (pH 5.52) by half a unit, as 
did biochar in both, the sandy and loamy soil (Table A.5-1). At the end of the experiment, 
pH values had decreased significantly compared to initial pH values, especially in the 
loamy soil (on average from 5.33 to 4.62). While the pH values of the sandy control soil 
remained similar to initial values, all carbon amended soils exhibited a pH drop of 0.5 
units. Initial treatment differences in loamy soil, had been leveled out during the 
experimental period. 
The WHCmax was increased by all carbon amendments by 20 % compared to the control in 
both soils, with the exception of biochar in the loamy soil (Figure A.5-2). 
5.3.2 CO2, N2O and CH4 fluxes  
The cumulated CO2 emissions (days 0-399, t0-t2) ranged from 3.68 to 32.78 g CO2 kg
-1
 soil 
mix (Figure 5-1 b; for CO2, N2O and CH4 flux rates as measured see Figures A.5-3 - A.5-8). 
Emissions from the feedstock treatment were higher in the sandy soil (32.78 g CO2 kg
-1 
soil mix), compared to the loamy soil (25.50 g CO2 kg
-1 
soil mix, p < 0.001) (Figure 5-1 a-
c). Carbon dioxide emissions from the control/HTCs/HTCw treatments were not different 
between the two soil types. Emissions from the biochar treatments were 3.68 and 6.46 g 
kg
-1
 soil and lower in sandy compared to loamy soil, respectively (p < 0.05). The 
cumulative degradation pattern was similar in both soils and followed the carbonization 
degree of the material (feedstock > HTCs > HTCw > biochar ≥ control). Cumulative N2O 
emissions ranged between 0.95-14.55 mg N2O-N kg
-1
 soil mix. Emissions from the 
feedstock treatment were higher from loamy compared to sandy soil (p < 0.05), whereas no 
soil-treatment interactions were found for the other treatments. Nitrous oxide fluxes from 
feedstock/HTCs/HTCw treatments were higher than those from the control and biochar 
treatments in both soils (p < 0.001), with highest fluxes from feedstock amended loamy 
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soil (Figure 5-1 d-f). Emissions from the biochar treatments were not different compared to 
emissions from the control in both soils.  
Cumulated methane fluxes from the sandy soil were negligible and emissions ranged from 
-0.02 to 72.10 CH4 µg kg
-1
 soil mix. Methane fluxes in the loamy soil were dominated by 
methane oxidation ranging from -71.99 to -302.99 µg CH4 kg
-1
. Here, soil methane 
oxidation capacity was improved by all carbon amendments, inversely to their 
carbonization degree, with highest methane oxidation rates in feedstock-amended soil 
(Figure 5-1 g-i).  
The cumulated N2O emissions correlated significantly with the cumulated CO2 emissions 
in both soils (r = 0.832 in sandy soil, r = 0.901 in loamy soil, p < 0.01) (Figure 5-2).  
5.3.3 Shares of the single GHGs in total CO2-equivalent emissions  
Carbon dioxide made up for 85.6 % and 87.5 % and N2O for 14.4 % and 12.5 % of the 
total CO2eq in the sandy and loamy soil, respectively, with large treatment differences. 
Methane fluxes corresponded to 0.03 % (sandy soil) and 0.16 % (loamy soil) of total 
CO2eq, with only the feedstock treatment in loamy soil leading to a higher share in CO2eq 
compared to the control (p < 0.05, Figure A.5-9, Table A.5-2).  
The N2O emissions during the simulated weather events were very variable. In particular, 
water logging in Section 2 led to N2O emission peaks (Figure A.5-5 and A.5-6) which 
contributed disproportionally strongly to the CO2eq sum during the wetting-drying cycle.  
As a consequence, rather the CO2eq fluxes than the sole CO2 fluxes during the single 
Sections were used for an overall evaluation of the effects of the carbon amendments under 
simulated weather conditions on the GHG budget of the soils. 
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Figure 5-1: Cumulated mean CO2, N2O and CH4 fluxes over time (left, a, d, g; and right, c, f, i) and total GHG flux sums at the end of the experiment (middle, b, e, h). Error bars indicate standard 
deviation (n=4); letters mark significant differences between treatments (one way ANOVA and Holm-Sidak post-hoc test (CO2, N2O), or ANOVA on Ranks and Tukey post-hoc test (CH4), CI = 95%). 
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Figure 5-2: Pearson correlation of cumulated CO2 and N2O fluxes [g kg
-1
 soil mix]. 
Chapter 5: How to break it- degradation of Miscanthus × giganteus feedstock, hydrochar and biochar under the 
influence of simulated extreme events  
 
144 
 
5.3.4 GHG (CO2eq) emissions during simulated weather and priming events 
Most of the CO2eq (mean 58.4 % in sandy soil and 54.3 % in loamy soil) were lost during 
the period of labile carbon degradation (Section 1) in the first four months, enhanced by 
two fertilization events (Figures 5-3 and 5-4). The WHC increase to 100 % and subsequent 
drying (Section 2) led to a renewed emission outburst in both soils, amounting to 20.4 and 
19.1 % of the total cumulated CO2eq emissions (with the dry-up period contributing less 
than the wetting). Thereafter, neither the third, fourth and fifth fertilization event, nor the 
freeze-thaw cycles (Section 3) led to larger GHG emission outbursts, contributing only 2.4 
and 3.8 % to the total cumulated CO2eq emissions in sandy and loamy soil, respectively. 
Plowing (Section 4) and glucose addition (priming, Section 5) stimulated emissions from 
all treatments in both soils, contributing 10.4/11.9 % (Section 4) and 8.6/11.0 % (Section 
5) to total CO2eq emissions in the sandy/loamy soils, respectively. 
Total CO2eq emissions from both control soils were similar in Sections 1, 2 and 4 (labile 
carbon degradation, wet-dry and plowing). During Section 3 (freeze-thaw), the loamy 
control soil showed larger emissions than the sandy soil, while it was vice versa during 
Section 5 (priming) (Figures 5-3 and 5-4; Table 5-3). The non- or low-carbonized carbon 
amendments led to significantly higher GHG emission sums in most of the Sections (1, 2 
and 4: feedstock > HTCs > HTCw), compared to the control and biochar treatments. 
During Section 3 (freeze-thaw), the sandy control soil emitted the lowest CO2eq sum, 
followed by biochar/HTCs/HTCw while feedstock treatments exhibited the highest 
emissions. In the loamy soil, during freeze-thaw events, emissions from the HTCw 
treatment were as low as from the control, followed by biochar < HTCs/feedstock 
treatments. Subsequent to glucose addition (Section 5, priming), in sandy soil, the control 
and HTCw treatments showed the highest CO2eq emissions, followed by the feedstock and 
HTCs/biochar treatments. In loamy soil, the CO2eq emissions in Section 5 were not 
different between treatments (Figures 5-3 and 5-4, Table 5-3). 
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Figure 5-3: Total CO2eq fluxes [g CO2 kg-1 soil mix, left Y-axis] of the five treatments over the incubation period with mean and standard deviation. The white 
area marks the WHC [in %, right Y-axis]; differently patterned areas mark the five Sections of the simulated weather events and disturbances. A: sandy soil 
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Figure 5-4: Total CO2eq fluxes [g CO2 kg-1 soil mix, left Y-axis] of the five treatments over the incubation period with mean and standard deviation. The 
white area marks the WHC [in %, right Y-axis]; differently patterned areas mark the five Sections of the simulated weather events and disturbances. B: 
loamy soil 
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The carbon amendments interacted differently with the two soils during the five sections 
(Table 5-3). None of the carbon amendments showed a distinctive degradation pattern 
according to the soil type except biochar, with higher CO2eq emissions from the loamy 
compared to the sandy soil throughout all sections, except Section 1 (Table 5-3).  
5.3.5 Char-C losses during the simulated weather and priming sections  
The fractions of char-C and SOC in total CO2 emissions were different for the period 
before and during the priming experiment, revealing an altered degradation behavior 
(Table A.5-3). During Section 1 (days 0-131), the ratio of char-C/SOC in total emissions 
followed the carbonization degree with highest ratios for feedstock and HTCs, followed by 
HTCw and biochar. Glucose addition in Section 5 altered the source partitions of SOC- 
and char-C in CO2 emissions, increasing the fractions of HTCw- and biochar-C and 
decreasing the fractions of feedstock and HTCs in total CO2 emissions.  
The mean daily char-C loss in the five sections was lowest in Section 3 (freeze-thaw) (p < 
0.05), compared to all other sections, with no significant differences among the other 
Sections. Testing the losses of the single treatments for each soil showed very different 
daily C losses of the carbon amendments (Table 5-4). Mean daily C losses were highest in 
the initial phase of the experiment (Section 1, labile carbon) for feedstock and HTCs in 
both soils. Losses of HTCw were slightly elevated in the beginning (Section 1), decreased 
in the following Sections and were triggered again in Section 5 (priming) by glucose 
addition similar in the two soils. Consequently, initial and final HTCw degradation rates 
(Sections 1 and 5) were higher than during the simulated weather events (Sections 2-4: 
wet-dry, freeze-thaw and plowing). Biochar degradation in both sandy and loamy soil was 
slightly increased in the beginning, compared to Sections 2- 4, and was increased by 
glucose addition, resulting in highest mean char-C losses during Section 5 (Table 5-4). 
Expressed as percentages of the total char-C loss, 1.3, 3.3, 16.0 and 52.1 % and 3.2, 5.3, 
16.4 and 25.1 % were lost during priming from the feedstock, HTCs, HTCw and biochar 
treatments in sandy and loamy soil. 
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Table 5-3: Mean cumulated GHG (CO2eq) fluxes, means (n=4) ± SD during the different Sections [g CO2eq kg
-1 
soil mix]. Letters indicate significant 
treatment differences in every section across both soil types (One-way ANOVA and Holm-Sidak Post-hoc tests, CI=95 %). 
 
  
 
Sections 
Sandy soil Loamy soil 
Ctrl Fstck HTCs HTCw BC Ctrl Fstck HTCs HTCw BC 
Section 1  
(labile carbon) 
2.71±0.55
A
 22.38±1.7
E
 15.98±0.6
D
 8.28±0.43
C
 1.72±0.48
A
 2.77±0.51
A
 15.45±1.4
D
 13.16±0.3
C
 5.04±0.66
B
 2.70±1.24
A
 
Section 2 
(wet-dry) 
1.24±0.09
B
 8.23±0.80
E
 4.10±0.13
D
 3.49±0.30
D
 0.74±0.13
A
 1.05±0.19
B
 5.15±1.44
D
 4.05±0.21
D
 2.42±0.17
C
 1.12±0.09
B
 
Section 3 
(freeze-thaw) 
0.16±0.01
A
 0.82±0.09
D
 0.42±0.04
B
 0.34±0.03
B
 0.32±0.08
B
 0.39±0.06
B 
0.76±0.20
D
 0.64±0.01
D
 0.42±0.02
B
 0.50±0.01
C
 
Section 4 
(plowing) 
0.49±0.02
B
 4.02±0.57
E
 2.41±0.11
D
 1.78±0.24
C
 0.36±0.07
A
 0.68±0.07
B
 3.10±0.80
D
 2.70±0.15
D
 1.45±0.11
C
 0.62±0.03
B
 
Section 5 
(priming) 
2.26±0.2
D
 1.44±0.17
B
 1.08±0.17
A
 1.73±0.18
C
 0.96±0.06
A
 1.73±0.14
C
 1.57±0.11
C
 1.68±0.07
C
 1.55±0.13
C
 1.43±0.09
C
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Table 5-4: Mean daily char-C-loss [mg d
-1
] during the five sections, means ± SD. Letters indicate significant differences of one treatment across the five 
sections (One-way ANOVA and Holm-Sidak Post-hoc tests (1) or Anova on ranks and Tukey Post-hoc test (2) CI=95%) 
  
 
Sections 
Sandy soil Loamy soil 
Feedstock
1)
 HTCs
1)
 HTCw
2)
 BC
1)
 Feedstock
2)
 HTCs
1)
 HTCw
1)
 BC
2)
 
Section 1  
(labile carbon) 
39.56 ± 3.28
C
 26.48 ± 0.63
D
 5.86 ± 0.52
B
 0.60 ± 0.14
B
 14.67 ± 1.4
B
 18.11 ± 0.90
C
 4.42 ± 0.67
B
 2.33 ± 1.13
B
 
Section 2 
(wet-dry) 
13.14 ± 1.72
B
 6.84 ± 0.23
C
 3.16 ± 0.15
AB
 0.31± 0.06
A
 6.58 ± 1.83
AB
 7. 23 ± 0.37
ABC
 2.75 ± 0.19
AB
 1.21 ± 0.10
A
 
Section 3 
(freeze-thaw) 
1.98 ± 1.35
A
 6.84 ± 0.23
C
 0.50 ± 0.05
A
 0.20 ± 0.06
A
 1.39 ± 0.36
A
 1.65 ± 0.03
A
 0.69 ± 0.04
A
 0.77 ± 0.02
A
 
Section 4 
(plowing) 
6.56 ± 6.66
AB
 7.47 ± 0.53
C
 2.85 ± 0.35
AB
 0.22 ± 0.03
A
 7.85 ± 2.02
AB
 9.56 ± 0.55
B
 3.27 ± 0.24
AB
 1.33 1± 0.07
AB
 
Section 5 
(priming) 
0.72 ± 1.45
A
 3.93 ± 0.52
B
 5.63 ± 0.77
B
 3.33 ± 0.17
C
 2.64 ± 0.18
A
 5.24 ±
 
0.22
AB
 5.05 ± 0.42
B
 4.25 ± 0.27
C
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5.3.6 Carbon balance and degradation rate 
The relative remaining carbon contents (SOC, “char”-carbon and TOC) of the soil 
mixtures after 13 months of incubation (t2) are given as percent of the initial C (=100 %, t0) 
in Figure 5-5. The relative SOC losses from sandy soil were higher throughout all 
treatments. In sandy soil, SOC loss of the feedstock and HTCs treatments was similar to 
that of the control, whereas HTCw increased SOC losses. In loamy soil, SOC loss of the 
feedstock treatment was higher compared to the control soil, whereas no significant SOC 
loss was observed for the other treatments, except for biochar. Biochar amendment led to 
significantly lower SOC losses in both soils, compared to the respective controls (Figure 5-
5 A).  
Char-C loss followed the carbonization degree in sandy soil: feedstock > HTCs > HTCw > 
biochar. Also in loamy soil, feedstock/HTCs degradation was higher than that of 
HTCw/biochar. Feedstock degradation was higher in sandy soil compared to loamy soil, 
whereas it was vice versa for biochar with higher degradation rates in loamy than sandy 
soil (Figure 5-5 B, Figures 5-6 and 5-7). Comparing initial and end char-C amounts of the 
single treatments revealed that all carbon amendments except biochar lost significant 
amounts of initial char-C over the incubation period in both soils. Practically all C was lost 
from feedstock in sandy soil (97.7 ± 4.7 %), whereas it was more stable in loamy soil (43.3 
± 9.0 % C loss) (Table 5-2: significant soil × treatment interactions). Degradation of HTCs 
and HTCw was not different between soil types with mean C loss of 42.9 % from HTCs 
and 10.6 % from HTCw. Biochar-C loss was insignificant in both soils with 98.5 and 
96.3 % of the initial carbon remaining at the end of the experiment in sandy and loamy 
soil, respectively.  
TOC (SOC+char-C) loss from the treatments control, feedstock, HTCs and HTCw was 
higher in sandy soil, compared to loamy soil, whereas TOC loss from biochar treatments 
was low and not soil dependent. TOC loss was highest from the feedstock treatments in 
both soils, followed by HTCs>control>HTCw>biochar treatments in sandy soil and by 
HTCs/HTCw/control>biochar in loamy soil (Figure 5-5 C).  
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Figure 5-5: Percental SOC, char-C and TOC-remains (A, B and C) at the end of the 
incubation period (n=4), means ± SD. Letters depict significant treatment 
differences, as determined by one way ANOVAs and Holm-Sidak or LSD Post-hoc 
tests or an ANOVA on Ranks with a SNK Post-hoc test (CI = 95%). 
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Total carbon buildup by carbon amendments was more pronounced in the sandy soil. There 
was a negative carbon buildup due to feedstock amendment and a significant linear 
increase in carbon buildup depending on the carbonization degree of the substrates, with C 
gains of initial carbon for HTCs, HTCw and biochar, respectively. In loamy soil, the C 
buildup was less pronounced (Table 5-5). 
All structural properties (H-C/O-C ratio, cellulose and aromatics content) were in line with 
the ratio of initial TOC / remaining TOC (Cin/Crem), independent of the soil type (p<0.001). 
In sandy soil, the correlations of Cin/Crem were highest for cellulose and H/C ratios (r²adj = 
0.992 and 0.993, respectively); in loamy soil, best fits were obtained with O/C ratios (r²adj = 
0.972) (Figures A.5-10 and A.5-11).  
5.3.7 MRT and half life 
The single exponential decay model fitted the data with R² values ranging from 0.92 to 
0.95. Both MRT and half-life of the carbon amendments depended linearly on their 
carbonization degree and on soil type, with the highest MRT of around 90 years for 
biochar in sandy soil (Table 5-5). In loamy soil, biochar MRT and half-life was 
significantly lower than in sandy soil (27 years), nevertheless it was still significantly 
higher than the MRT and half-life of all other carbon amendments (2-12 years). MRT and 
half-life of feedstock and HTCw was significantly higher in loamy soil compared to sandy 
soil (2 vs 0.3 years and 12 vs 10 years, respectively), whereas MRT and half-life of HTCs 
material was similar in both soils (≈ 2 years). 
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Table 5-5: Remains of initial C, total C buildup at the end of the experiment (t2) in %, mean residence time (MRT) and half-life [years] of the carbon 
amendments in the two different soils (mean ± SD). Letters depict significant treatment differences across both soil type (ANOVA on Ranks, followed by 
a SNK-post-hoc-test, CI=95%). 
Soil Sandy soil  Loamy soil  
Treatment Feedstock HTCs HTCw Biochar Feedstock HTCs HTCw Biochar 
Remains of 
initial char-C 
[%] 
2.35± 4.69
A
 55.24 ± 3.07
B
 88.56 ± 0.85
C
 98.09 ± 0.07
C
 56.72 ± 9.04
B
 59.05 ± 7.28
B
 90.32 ± 0.95
C
 94.94 ± 1.30
C
 
TOC-buildup 
[%] 
-
22.71±24.48
A
 
111.75±20.75
D
 215.67±12.62
E
 303.79±14.88
F
 2.99±8.26
A
 31.07±5.92
B
 59.47±1.14
C
 58.18±14.3
C
 
MRT [years] 
0.29 ± 0.12
A
 
 
2.23 ± 0.20
B
 
 
10.72 ± 0.91
C
 
 
90.67 ± 4.64
F
 
 
1.97 ± 0.58
B
 
 
2.34 ± 0.57
B
 
 
12.44 ± 1.10
D
 
 
27.31 ± 6.79
E
 
 
 
Half-life 
[years] 
 
0.20 ± 0.08
A
 
 
1.54 ± 0.14
B
 
 
7.43 ± 0.63
C
 
 
62.84 ± 3.22
F
 
 
1.37 ± 0.40
B
 
 
1.62 ± 0.39
B
 
 
8.62 ± 0.76
D
 
 
18.93 ± 4.71
E
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Figure 5-6: Percental char-C-loss over the incubation period of 389 days, separated according to the different sections. 
Letters depict significant differences among the treatments (Kruskal-Wallis-ANOVA on Ranks and Tukey test, 
CI=95%). A=sandy soil  
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Figure 5-7: Percental char-C-loss over the incubation period of 389 days, separated according to the different sections. 
Letters depict significant differences among the treatments (Kruskal-Wallis-ANOVA on Ranks and Tukey test, 
CI=95%). B=loamy soil. 
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5.3.8 Cmic and EOC with appending CO2 emissions 
Both mean Cmic and EOC were higher in loamy soil (Cmic = 266.8 µg g
-1
 dw, EOC = 200.2 
µg g
-1
 dw) compared to sandy soil (Cmic = 149.9 µg g
-1
 dw, EOC = 119.8 µg g
-1
 dw, 
p < 0.001), throughout all treatments except HTCw with similar values in both soils. HTCs 
led to highest EOC and Cmic amounts in loamy soil, whereas HTCw exhibited highest Cmic 
and EOC in sandy soil (Figure 5-8 A, B). Both Cmic and EOC correlated positively with the 
cumulated CO2 flux (t2-t3) (r = 0.681, p < 0.001 and r = 0.815, p < 0.001) and final pH 
values (r = 0.67, p < 0.001 and r = 0.68 p < 0.001). The CO2 flux (t2-t3) was different for 
the factors soil and treatment with significant interactions for all treatments except the 
control treatment, where fluxes were similar in sandy and loamy soil. All other treatments 
exhibited higher fluxes in the loamy soil. The CO2 flux patterns were slightly altered 
compared to the experimental period before glucose addition, with a shift from feedstock 
mineralization towards HTCs and/or HTCw mineralization; fluxes from biochar treatment 
were reduced to levels similar to the time period before glucose addition, in both soils 
(Figure 5-8 C).  
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Figure 5-8: Mean and standard deviation of Cmic, EOC [µg g
-1
 soil mix] and cumulated CO2 fluxes [mg g
-1
 
soil mix] at the final period of the experiment in the two different soils. Letters depict significant 
treatment differences (Two way ANOVA and Holm-Sidak post-hoc test, CI = 95%). 
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5.3.9 PLFAs 
All bacterial (gram-positive and gram-negative) and fungal PLFAs were more abundant in 
loamy soil (total mean 22.4 nmol g
-1 
soil mix dw, HTCs > 
control/feedstock/HTCw/biochar), compared to sandy soil (7.7 nmol g
-1
 soil mix dw, no 
differences between treatments) (Figure 5-9). The carbon amendments had significant 
effects on most PLFA groups, with significant interactions regarding the soil type. In the 
loamy soil, HTCs caused a significantly larger abundance of gram-positive bacteria 
compared to all other treatments. The abundance of gram-negative bacteria followed the 
sequence control/biochar/HTCs < HTCw < feedstock in sandy soil and HTCs > 
control/feedstock/HTCw/biochar in loamy soil. Also, the fungal biomass exhibited 
treatment differences in the sequence HTCs ≤ biochar ≤ feedstock/HTCw < control in the 
sandy soil and control/biochar < feedstock/HTCw < HTCs in the loamy soil.  
In the loamy soil, fungi, gram-positive and gram-negative bacteria correlated well with 
EOC contents (r = 0.778, p < 0.001; r = 0.710, p < 0.001; r = 0.827, p < 0.001). In sandy 
soil, only gram-positive bacteria correlated weekly with EOC (r = 0.535, p < 0.05). Single 
and total PLFA groups correlated with the cumulated CO2 flux (t2-t3) (r = 0.725, 
p < 0.001).
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Figure 5-9: Total mean PLFA concentration [nmol g
-1
] ± SD and their gram
+
, gram
-
 and fungal shares given in grey shades. The white lowercase letters 
indicate significant treatment differences in gram
+
 bacteria concentrations, black lowercase letters mark treatment differences in gram- bacteria 
concentrations, Greek letters show differences between fungal PLFA concentrations and uppercase letters give differences in total PLFA concentrations. 
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5.4 Discussion  
5.4.1 C-degradation 
Recent results suggest that laboratory incubation studies under constant conditions may 
underestimate the degradability of carbonized plant material compared to alternating 
conditions including weather changes or nutrient/labile carbon supply (Ventura et al., 
2014). Hence, in this study, a series of alternating conditions including nitrogen and labile-
C addition were applied to accelerate degradation under high soil temperatures (except 
freeze-thaw cycles). The results suggest that especially C from feedstock and steam-
carbonized HTCs was readily available to microorganisms, as indicated by high amounts 
of cellulose and large H/C-O/C ratios (Siu and Reese, 1953; Eibisch et al., 2013). Water-
carbonized HTCw was less degradable than HTCs and feedstock, but still significantly 
more degradable than biochar. Interestingly, HTCw triggered the degradation of native 
SOC rather than being mineralized itself, which was also found by others, possibly due to 
supply of extra nutrients to microorganisms for enhanced SOC degradation (Steinbeiss et 
al., 2009; Bamminger et al., 2014a). Nevertheless, the relative TOC loss was reduced by 
HTCw in sandy soil and was similar to the control in loamy soil, indicating, together with 
the relative C buildup at the end of the experiment, its suitability for carbon accumulation 
especially in sandy soils (Table 5-5, Figure 5-4). Biochar reduced the SOC- and TOC-
losses from both soils, though the reduction was more distinct in sandy soil, pointing to a 
negative priming effect. Negative priming following biochar amendment to soil has been 
observed before, mostly as medium- to long-term effect (5-16 months) (Jones et al., 2011; 
Zimmerman et al., 2011; Maestrini et al., 2014), whereas in the short-term (18-90 days), 
biochar amendment often led to positive priming of SOC (Zimmerman et al., 2011; 
Maestrini et al., 2014). Nevertheless, in our experiment, biochar did neither induce positive 
priming of SOC in the short- or the long term, independent of the soil type, nor was 
mineralized in significant amounts itself, which was also found by Cross and Sohi (2011). 
Consequently, the TOC contents in the sandy and loamy soils after biochar application 
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remained significantly increased compared to all other carbon amendments, regardless of 
the alternating experimental conditions applied to foster decomposition. 
Biochar was less degraded in sandy soil, compared to loamy soil. The low initial SOC 
content of the sandy soil could imply that C-saturation was not given at the beginning of 
the experiment. Thus, a small but considerable carbon storage capacity, emanating from 
the clay content (5 %) could have facilitated biochar stabilization by the formation of clay-
biochar complexes (Baiamonte et al., 2014). Additionally, the increase of the soils´ WHC 
due to biochar amendment compared to the control could have facilitated the formation of 
soil aggregates in the biochar amended sandy soil (Piccolo et al., 1996; Glaser et al., 2002; 
Dugan et al., 2010), even though such effects are reported to occur only in the long term 
and with biochar application rates > 20t/ha (Borchard et al., 2014a; Tammeorg et al., 
2014). Moreover, these properties could apply to all carbon amendments in sandy soil and 
may thus not fully explain the stabilization of organic material by the biochar in sandy soil. 
Hence, sorption of (dissolved) organic material onto the biochar surface or encapsulation 
into biochar pores, limiting the substrate available to microorganisms, may better explain 
the negative priming effects observed here (Kasozi et al., 2010; Zimmerman et al., 2011; 
Barnes et al., 2014; Lu et al., 2014). Chemical as well as structural properties of 
carbon(ized) substrates such as H/C-O/C ratios and/or the amount of aromatic carbon 
compounds have long been identified as indicators for recalcitrance against degradation 
(Krull et al., 2009; Lee et al., 2010; Nguyen et al., 2010; Spokas, 2010; Schimmelpfennig 
and Glaser, 2012; Singh et al., 2012), together with the ash content (Bai et al., 2013). This 
indication was confirmed by our experiment for the continuum of all four different carbon 
amendments, as the ratios of initial/remaining TOC correlated well with all structural 
properties (Figures A.5-10 and A.5-11). However, as the identical carbon amendments, 
namely feedstock and biochar, interacted differently with the two soils, it seems obvious 
that soil characteristics such as diverse microbial populations in the different soils 
influenced the C degradation patterns as well (Nguyen et al., 2014). Feedstock material 
was less degraded in loamy soil, most likely due to aggregate formation, rendering it more 
recalcitrant against microbial decomposition compared to sandy soil (Zhang et al., 2014b).  
Besides abiotic factors, negative priming of SOC observed with biochar was also attributed 
to biotic factors such as pH induced changes of the microbial population or inhibition of 
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microbial metabolism by potentially toxic compounds released from biochar (Cross and 
Sohi, 2011; Zimmerman et al., 2011; Jones et al., 2012). Inhibitory effects e.g. by toxic 
components seem unlikely here, since the biochar did not contain toxic substances when 
analyzed (unpublished results). Furthermore, substrate induced respiration measurements 
using subsamples of this experiment 6 months after initiation showed that microbial 
biomass was increased but not decreased by all carbon amendments, compared to the 
control. Microbial biomass followed the reverse degradation order in the sandy soil 
(feedstock >HTCs > HTCw > biochar > control) and the order HTCs > feedstock > biochar 
> HTCw > control in the loamy soil (Eckhardt, 2013). Nevertheless, negative priming 
caused by a decrease of the microbial and enzymatic activity has been found by others, 
possibly due to sorption of quorum sensing molecules onto biochar, making them less 
available to soil microorganisms (Chintala et al., 2014).  
The slightly acidic pH of the sandy soil was increased significantly by biochar amendment 
at the start of the experiment and thus could have improved the milieu for microbial 
metabolism (Farrell et al., 2013); however, the observed decrease in carbon mineralization 
here counteracts this assumption.  
5.4.2 Kinetics, carbon loss and gain 
The amount of C lost from the different carbon amendments during the experiment 
(Table 5) is slightly higher than data reported from other authors. Bai et al. (2013) used the 
same chars (except HTCw), mixed them with a range of soils and reported C-losses of 32-
37 % from feedstock (here: 43-98 %), 27-30 % C-loss from HTCs (here: 41-45 %) and 0-
3% C-loss from biochar (here: 2-5 %) over a period of 200 days. The differences are easily 
explained by a longer experimental duration, a higher incubation temperature and the 
alternating, diverse degradation-promoting conditions that were applied in this study. 
Nguyen et al. (2014) incubated a biochar produced at 450 °C from switchgrass together 
with five different soils at 25 °C and 60 % WHC. Their reported carbon losses in the range 
of 2.1-4.1 % are in line with the results obtained here.  
Fang et al. (2014) incubated mixtures of woody (Eucalyptus salinga Sm.) biochar 
produced at 550 °C, with a range of soils over 12 months at 20-40 °C and reported biochar-
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C losses of 0.30-0.42 % and 0.97-1.16 % at 20 and 40 °C respectively. Here, lower values 
may be explained by the difference in feedstock, since woody biochars are considered 
more stable than biochar from more brittle plant material such as leaves, due to a higher 
amount of fused aromatic C-structures and lower ash (SiO2) and mineral contents (Kloss et 
al., 2012; Singh et al., 2012; Zhao et al., 2013a). 
The calculated MRT and half-lives are, especially in view to biochar in loamy soil, rather 
short compared to the MRT of 550 °C biochar reported in other studies (90-10
14
 years) 
(Keith et al., 2011; Gajić and Koch, 2012). This might be attributable to the simulated 
weather events plus nitrogen and glucose additions during the experiment, since the 
fluctuations in the C-degradation rates following these events were mostly very high and 
consisted of several degradation boosts. Thus, the results suggest that, the influence of soil 
type and climatic conditions on the degradation of carbon amendments might have been 
underestimated. Nonetheless, our general result, the prolongation of the half-life of 
uncarbonized Miscanthus × giganteus straw by hydrothermal carbonization and pyrolysis 
are in good agreement with the results of Bai et al. (2013) and (Qayyum et al., 2012), 
although none of these studies used a continuum of four carbonization types or simulated 
weather events, fertilization and priming. Thus, the results confirm the suitability of 
hydrochar (especially HTCw) and more so biochar to increase the soils´ TOC content and 
to sequester carbon even under exposure to degradation-promoting conditions.  
5.4.3 N2O emissions in relation to the carbonization grade 
All carbon amendments except biochar significantly increased the cumulative N2O 
emissions over the course of the incubation study compared to the control. Biochar reduced 
the N2O emissions by 26.5 and 8.5 % in sandy and loamy soil compared to the control 
however the reductions were not significant. Biochar application frequently reduced soil 
N2O emissions particularly after N fertilization (Van Zwieten et al., 2010b; Kammann et 
al., 2012) or during freeze-thaw cycles (Kettunen and Saarnio, 2013), and even in the 
presence of N2O-producing earthworms (Augustenborg et al., 2012). The largest, almost 
dramatic N2O emission increase was observed with the straw-like uncarbonized 
Miscanthus feedstock amended to loamy soil, while the increase was lower in the sandy 
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soil (although highest among all carbon amendments). The same effect – increased N2O 
emissions with uncarbonized compared to pyrolyzed wheat straw – was observed by 
Cheng et al. (2012) in a field study on Chernozem soil. Wolf et al. (2010) observed that 
grazing, i.e. the removal of grassy litter, reduced the N2O emissions of Mongolian steppe 
significantly, and that grassy litter decomposition may be an underestimated source of N2O 
formation in natural or semi-natural grasslands. The latter, as well as our findings, are in 
line with earlier observations in the grassland field site (where the loamy soil for the 
incubation had been taken): Schimmelpfennig et al. (2014) observed significantly 
increased N2O emissions in the second year after top-dressing of Miscanthus straw; no 
increase was found when the same amount of straw-C was applied as biochar. Rather, N2O 
emissions tended to be reduced during a freeze-thaw period (Schimmelpfennig et al., 
2014). The reduction in N2O emissions by (woody) biochar amendment is a common 
finding confirmed by meta-analysis (Cayuela et al., 2014; Van Zwieten et al., 2015).  
For hydrochar, less information is available. While Malghani et al. (2013) observed N2O 
emission reductions following hydrochar application to non-fertilized soils, Kammann et 
al. (2012) reported that soil N2O emissions were greatly stimulated in an incubation study 
after mineral-N fertilizer had been added to loamy soil amended with two different 
hydrochars. In the above-mentioned grassland field study, Schimmelpfennig et al. (2014) 
found no changes in the N2O emissions due to hydrochar application. However, this study 
indicates that hydrochar amendments still stimulated N2O emissions significantly 
compared to the unamended control, but that the increase was reduced (more so with 
increasing HTC carbonization grade) and retarded in time and/or dependent on N-
fertilization compared to the uncarbonized feedstock.  
In our study, differences in the water/oxygen content of the soils were likely eliminated by 
adjusting the WHC (Case et al., 2012). However, continuous O2 consumption during the 
mineralization of the more labile carbon compounds may have reduced the redox potential 
of the soil mixtures, triggering the use of NO3
-
 as electron donor for denitrification (Miller 
et al., 2008). Especially in the SOC richer loamy soil, a higher amount of anaerobic 
microsites may have, together with the higher pH, promoted denitrifying bacteria 
(Firestone, 1982; Herold et al., 2012). Moreover, fungal co-denitrification often dominates 
N2O emissions in temperate grassland soil (Laughlin and Stevens, 2002). A larger fungal 
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biomass fraction was indeed confirmed for the loamy-soil HTCs and HTCw treatments at 
the end of the incubation study (p<0.001), whereas the fungi in the feedstock treatment 
were only slightly increased. Here, the microbial community composition likely had 
changed over the course of the experimental period. The easily accessible feedstock C may 
have been depleted so that the fungal biomass was reduced again when finally measured. 
Summarizing the evidence obtained here and earlier (Schimmelpfennig et al., 2014), we 
have evidence that N2O production by denitrifying fungi may have been responsible for the 
higher N2O emissions with uncarbonized or weaker carbonized materials (Laughlin and 
Stevens, 2002; Oehl et al., 2010), and that this effect was more pronounced in the loamy 
than sandy soil. Additionally, biochar but not hydrochar application offers the possibility to 
reduce N2O emissions from soils compared to the application of decomposable straw 
materials. The most interesting open question is if the combination of labile straw material 
with biochar would result in lower-than-straw-alone N2O emissions. 
5.4.4 Predicting N2O emissions: correlation of CO2 and N2O 
Our results revealed that a high amount of cumulative CO2 emissions (i.e. mineralizable 
carbon) resulted in high cumulative N2O emissions. Vice versa, the lack of an additional 
organic carbon source (control) as well as a carbon amendment with little mineralizable 
carbon (biochar) resulted in low N2O emissions. This behavior only became evident 
because of the carbonization gradient used in our experiment and due to the varied 
incubation conditions over 13 months. Other char-application studies where CO2 and N2O 
emissions were monitored simultaneously did not report a correlation, but they did not 
cumulate the fluxes for comparison (Van Zwieten et al., 2010b). As to hydrochar, such a 
relation was found earlier, with high mean CO2/N2O fluxes from beet/bark hydrochar 
applied to a loamy soil, assumedly due to stimulation of microbial activity (Kammann et 
al., 2012). Our results suggest that using the CO2 emissions after litter amendment for 
predicting cumulative N2O emissions may be a promising approach that deserves further 
study. 
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5.4.5 Methane fluxes 
The methane fluxes in the experiment were negligible in the sandy soil, whereas methane 
oxidation was improved by all carbon amendments in loamy soil, inversely to their 
carbonization degree (strongest with feedstock, lowest by biochar). Karhu et al. (2011) 
also observed a doubling of the CH4 uptake in grassland soil when biochar was plowed 
into the top soil; the authors attributed this to improved soil aeration. This can largely be 
excluded for this study since the WHC was adjusted to equal values and the most labile 
substrates, where more O2 must have been consumed by decomposition, showed the 
strongest stimulation in CH4 oxidation. The capacity of soil to take up methane is generally 
a function of land use, with tilled agricultural soil exhibiting lower oxidation potentials 
than no-tilled, temperate soils (Mosier and Delgado, 1997). The methane oxidation 
capacity of soils was found to correlate with the nitrogen status of the soil, in a way that 
high amounts of available N limited the activity of methanotrophs in non-wetland soils 
(Chan and Parkin, 2001; Aronson and Helliker, 2010). Correspondingly, an effective 
sorption and/or immobilization of NH4
+
 or NO3
- 
by biochar and/or HTC could have kept 
methane oxidation intact, whereas freely available NH4
+
 or NO3
-
 may have inhibited 
methane oxidation in the control treatments (Bédard and Knowles, 1989; Dunfield and 
Knowles, 1995; Schimmelpfennig et al., 2014). Additionally, thermally desorbable organic 
compounds on the biochar surface (e.g. alkanes, ketones, aromatics) have been identified 
as an underlying cause of improved methane oxidation of soil amended with biochar 
(Borchard et al., 2014b). Also an increase in the abundance and activity of methane-
producing saprophytic fungi, degrading especially the more labile materials feedstock and 
HTC might have stimulated methanotrophic bacteria, leading to an improved methane 
oxidation of the soil mixtures (Lenhart et al., 2012). More mechanistic studies are 
necessary to identify the causes for the observed increase in the CH4 consumption 
following carbon amendment. 
5.4.6 Simulated weather events 
Initial CO2 outbursts following the admixture of biochar, hydrochar and feedstock material 
such as straw to soil have been widely reported (Zimmerman, 2010; Qayyum et al., 2012; 
Chapter 5: How to break it- degradation of Miscanthus × giganteus feedstock, hydrochar and biochar under the 
influence of simulated extreme events  
 
167 
 
Eibisch et al., 2013; Fang et al., 2014), and have been confirmed by our experiment for 
feedstock and both hydrochars. In contrast to most reported studies, CO2 emissions from 
biochar amended soil in our experiment were never higher than emissions from the control 
soil. Rather, they were mostly lower than the control, especially in the sandy soil (except 
during freeze-thaw events). This might be, on the one hand, due to the different properties 
(low temperature biochar ≤ 375°C) (Bruun et al., 2008), or smaller particle sizes of the 
biochar used in other studies (Jones et al., 2011). On the other hand, our biochar has been 
stored 12 months in a closed but not air-tight box before use, thus some production prone, 
easily degradable volatile compounds might have outgassed over the storage time. 
By directed N-fertilization, we aimed at lowering the C/N ratio of the soil to facilitate C 
degradation and trigger CO2 and/or N2O emissions (Chantigny et al., 1999). This occurred 
for the first two fertilization events and led to a CO2 emissions peak in the feedstock and 
HTC treatments, indicating the presence of labile, biologically available carbon 
compounds. None of the other fertilization events triggered further peak emissions from 
any of the treatments, suggesting that most of the labile compounds had been degraded by 
then. Only the disturbance of the soil structure by simulation of plowing led to renewed C 
and N degradation of feedstock and hydrochar in both soils, assumedly due to destruction 
of soil aggregates, improving the accessibility of carbon compounds, and provision of 
oxygen (West and Marland, 2002). Similar results have been reported from an experiment 
with two hydrochars and four biochars mixed with a Luvisol, where simulated plowing led 
to high CO2 and N2O emissions from the hydrochar soil mixtures, compared to the control 
(Kammann et al., 2012).  
Water logging of N-rich soil promotes denitrifying enzyme gene expression in bacteria 
using NO3
-
 as electron acceptor. The increase of the WHC to 100 %, simulating heavy 
rainfall, led to an immediate short-term increase of CO2 and N2O emissions from all 
treatments, though emissions from biochar treatments were still lower than or equal to the 
control soil. Kammann et al., (2012) found higher N2O emissions from biochar amended 
soil in nearly water-logged soils (80 % WHC) after N-fertilization only after long-term (1.5 
years) incubation of the soil at high (70 % WHC) water regimes.  
Freeze-thaw cycles had unexpectedly a rather small though stimulating effect on the GHG 
emissions. This might be explained by the experimental setup, i.e. the disturbed soil 
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structure and removal of vegetation, since the die-off of fine roots and disruption of soil 
aggregates largely contributed to CO2 and N2O emissions during freeze-thaw events 
(Logsdail and Webber, 1959). Freeze-thaw cycles led to significantly higher CO2 
emissions from biochar amended soil compared to the control soil, indicating some small 
effects of freeze-thaw events on biochar degradation. This can be explained by the 
disruption of small biochar-soil aggregates, generating particles susceptible to microbial 
attack (Eastman, 2011), In another experiment, biochar significantly reduced both 
ammonium and nitrate leaching and N2O emissions from vegetated soil cores subjected to 
freeze-thaw events, assumedly due to N-retention (Kettunen and Saarnio, 2013). The same 
tendency was observed in data from a grassland field experiment, indicating that this 
interaction requires further attention (Schimmelpfennig et al., 2014). 
5.4.7 Priming experiment  
Glucose addition led to positive priming of char-C, indicating that char-C was susceptible 
to co-metabolism during glucose mineralization, especially since N was not a limiting 
factor (Kuzyakov et al., 2000). The relative fraction of positive priming (although low in 
absolute terms) was most prominent for the higher-temperature chars such as HTCw and 
biochar, especially for biochar in sandy soil, where the biochar may have been less 
protected within soil aggregates compared to loamy soil (Hamer et al., 2004). Glucose 
addition increased mean biochar mineralization by the factor 6.5, compared to the average 
daily flux of all other sections (Table 5-4), as was found also by (Kuzyakov et al., 2009), 
incubating Haplic Luvisol with ryegrass char. This could indicate that possibly similar 
biochar compounds may generally be prone to co-metabolization.  
Glucose addition had little priming effects on the degradation of feedstock and HTCs, 
likely due to the fact that these materials had been largely mineralized already (Table 5-4). 
Thus, labile-C priming (e.g. root exudates) and freeze-thaw cycles deserve further study 
with regard to their impact on long-term biochar stability. 
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5.4.8 Microbial biomass and composition  
Microbial biomass and composition were analyzed at the end of the experimental period, 
and thus correspond to the end of the proliferation period following glucose amendment 
(Stotzky, 1965). Therefore, the results reflect the microbial population and related 
microbial data at the experimental period when the glucose effect had leveled off. EOC, 
Cmic and all PLFAmic groups were higher in the loamy soil compared to sandy soil. This is 
likely due to the loamy texture, supporting aggregate formation and habitats for 
microorganisms (Monreal and Kodama, 1997). Additionally, disturbance of the soil 
structure and aggregates during glucose admixture likely triggered the availability of 
aggregate protected SOC and EOC to microorganisms (Rovira and Greacen, 1957). The 
considerable drop of the pH of the soil mixtures, especially in the loamy soil (about one 
unit) confirms the higher biological activity in loamy soil, leaving protons as metabolite 
from oxidation. 
The increase in the microbial biomass and activity following EOC provision in soil, 
especially for fungi is well known (Burford and Bremner, 1975). Interestingly, only HTCs 
increased the total microbial biomass in loamy soil significantly, coinciding with high 
EOC values in this treatment (Figure 5-6 a, b). An increase in Cmic due to hydrochar 
amendment (maize silage, application rate 4-8 g kg
-1
) compared to the arable control soil 
was also found by Bamminger et al. (2014a), even in the same magnitude (doubling of 
Cmic compared to the control). Concentrations of nutrients plus depolymerization of carbon 
structures during the hydrothermal production process, increasing the availability of both 
nutrients and carbon to microorganisms are likely the reasons for the preference of 
microorganisms for HTCs, as compared to all other materials including the uncarbonized 
feedstock (Funke et al., 2013a; Funke et al., 2013b).  
Cmic in the HTCw treatment in sandy soil was higher compared to the feedstock treatment, 
most likely driven by the enhanced EOC concentration in this treatment compared to the 
other treatments. Additionally, glucose amendment may have induced a microbial 
community change or triggered the activity/enzyme production of a certain microbial 
group that was able to degrade HTCw (Allison, 2005). In consistence with the cumulative 
CO2 emissions, the low Cmic values in feedstock and HTCs amended sandy soil imply that 
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most of the material had indeed been degraded in the preceding experimental period 
(Figures 5-6 and 5-7). Cmic, PLFA and especially EOC in biochar amended sandy soil were 
low, leading consequently to low CO2 emissions (Figure 5-6 C). A lower fungal and total 
biomass in the biochar- compared to the control soil indicates on the one hand higher 
persistence of microbial biomass in the control soil after glucose addition, on the other 
hand that biochar decreased the availability of organic material to microorganisms, 
possibly by sorption mechanisms or blocking of pores, also inducing the negative priming 
effect found earlier in the experiment. Biochar amendment to loamy soil did not cause 
differences to the control soil; if EOC sorption occurred it may not have caused effects due 
to much higher background C values which may be the reason for the low response in this 
soil even after various degradation promoting treatments.  
5.5 Conclusion 
The addition of four carbon amendments along a carbonization gradient had largely 
different effects on the overall GHG budget of the two soils under study. On average, CO2 
accounted for 86.5 % of the cumulative GHG equivalents, highlighting the importance of 
the stability of carbon amendments in soil with respect to GHG mitigation and C 
sequestration. Highest degradation rates were found for feedstock, significantly declining 
along the carbonization gradient down to nearly zero (biochar). Nitrous oxide emissions 
mainly followed these degradation patterns, reinforcing the CO2 impact of the single 
treatments. The influence of the carbon amendments on CH4 fluxes was restricted to loamy 
soil, where the intrinsic methane uptake was improved by all treatments, which was 
interesting but did not contribute much to the overall GHG budget.  
Among the simulated weather events employed to “break” the C amendments, freeze-thaw 
events led to the lowest GHG emissions of all treatments, while the periods of initial 
carbon loss, wet-dry cycles, plowing and glucose addition led to diverse treatment effects. 
Most “char-C” was lost from feedstock and HTCs during the initial period of labile carbon 
degradation, leveling off gradually during the subsequent experimental sections. Only 
plowing renewed stimulated mineralization, especially that of HTCs material in both soils. 
Consequently, further carbon loss following glucose addition was mostly insignificant. C-
Chapter 5: How to break it- degradation of Miscanthus × giganteus feedstock, hydrochar and biochar under the 
influence of simulated extreme events  
 
171 
 
losses from HTCw and biochar treatments were lower throughout. Biochar-C loss was only 
triggered by glucose addition, indicating that biochar was degraded mainly by co-
mineralization. As a consequence, carbon was lost in significant amounts from all carbon 
amendments except biochar over the experimental period in both soils. HTCw and 
feedstock additionally led to a positive priming of SOC in sandy or loamy soil, 
respectively, whereas biochar rather induced negative priming of SOC, especially in sandy 
soil. Overall, only biochar and to some extent also HTCw increased the TOC content of 
both soils significantly over the whole experimental period. Thus, depending on the site 
specific soil properties, HTCw and more so biochar may aid in medium- to long-term 
carbon build-up, providing a basis for the accounting of carbon credits, while the less 
carbonized materials seem unsuitable. 
Even under the degradation-promoting incubation conditions applied here, the MRT and 
half-life of the C materials could clearly be linked to their carbonization grade. Thereby, 
the structural properties such as cellulose content or the H/C-O/C ratios were suitable 
predictors for the carbon losses during the experimental “breaking” period over one year in 
both soils. Since the cumulative N2O emissions were well predictable from the cumulative 
CO2 emissions, the estimation of the overall environmental impact of the carbon 
amendments might simply be tied to their structural properties. We conclude that among 
the variety of the material under study, only biochar remained stable over a period of 
forced degradation and moreover stabilized soil organic matter noticeably in both sandy 
and loamy soil, likely by sorption of dissolved organic carbon compounds, leading to a 
negative priming effect. 
Since incubations only allow first insights, verification of the degradation behavior of 
carbon amendments under the influence of “extreme” weather events in field experiments, 
including vegetation and its root-C delivery as well as its below-ground micro-biome are 
necessary. 
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5.7 Appendix 
 
  
                 Treatment   
Soil 
Control Feedstock HTCs HTCw Biochar 
Sandy t0 5.52 ± 0.05
A
 5.98 ± 0.09
C
 5.77 ± 0.07
B
 5.64 ± 0.03
AB
 6.19 ± 0.12
D
 
Sandy t3 5.55 ± 0.02
C
 5.34 ± 0.01
B
 5.38 ± 0.04
B
 5.09 ± 0.02
A
 5.53 ± 0.02
C
 
Loamy t0 6.88 ± 0.02
A
 6.98 ± 0.09
A
 7.02 ± 0.07
A
 6.88 ± 0.07
A
 7.34 ± 0.07
B
 
Loamy t3 4.64 ± 0.03
A
 4.65 ± 0.02A
A
 4.61 ± 0.04
A
 4.63 ± 0.01
A
 4.71 ± 0.01
A
 
Table A. 5-1: pH values of the soil-substrate mixes, at initiation and end of the experiment (n=3 ± SD). Letters indicate significant treatment 
differences at the different time points (ANOVA+Holm-Sidak post-hoc test (CI =95%) 
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Table A. 5-2: Greenhouse gas emissions (CO2, N2O, and CH4) over the incubation period, expressed in GHG equivalents with their respective 
shares in percent 
 
Soil type Treatment 
GHG eq [g CO2 kg
-1
 soil 
mix] 
% CO2 % N2O % CH4 
S
an
d
y
 s
o
il
 
Control 7.0 ± 0.7 93.5 6.4 0.0 
Feedstock 35.6 ± 2.9 92.0 8.0 0.0 
HTCs 24.6 ± 0.4 97.5 2.5 0.0 
HTCw 15.1 ± 0.4 84.5 15.5 0.0 
Biochar 4.1 ± 0.5 60.6 39.36 0.1 
L
o
am
y
 s
o
il
 
Control 7.5 ± 1.1 92.3 7.8 -0.1 
Feedstock 32.3 ± 4.3 79.0 21.1 -0.1 
HTCs 24.6 ± 0.5 90.2 9.9 -0.1 
HTCw 13.2 ± 0.9 82.7 17.5 -0.2 
Biochar 6.9 ± 1.5 93.8 6.4 -0.2 
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Soil type Treatment 
Char-C in total CO2 [%] 
End of Section 1 (21.09.2012) Start of Section 5 
(31.05.2013) 
S
an
d
y
 s
o
il
 
Feedstock 87.3 ± 2.0 ≈ 27 
HTCs 80.4 ± 5.1 ≈ 61 
HTCw 41.3 ± 6.7 ≈ 63 
Biochar 17.9 ± 27.8 ≈ 40 
L
o
am
y
 s
o
il
 
Feedstock 47.2 ± 9.6 ≈ 27 
HTCs 66.2 ± 7.8 ≈ 52 
HTCw 42.0 ± 9.2 ≈ 56 
Biochar 40.0 ± 27.2 ≈ 51 
Table A. 5-3: Shares of char-C in total CO2 fluxes [%] at the end of Section 1 (21
st
 of September 2012) and the Start of Section 5 (31
st
 of May 
2013), as determined by Keeling Plots and an isotope mixing model. 
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Figure A. 5-1: Timeline over the experimental period, marking the five different Sections, time points of fertilization pH analyses. 
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Figure A. 5-2: Initial maximum water holding capacity [%] of the soil-substrate mixtures. Letters depict significant differences between 
treatments in sandy (small letters) and loamy (big letters) soil (two-way ANOVA with Holm-Sidak Post-hoc test CI = 95%). 
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 Figure A. 5-3: CO2 flux rates [mg CO2 kg soil mix h
-1
] over the incubation period A=sandy soil 
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Figure A. 5-4: CO2 flux rates [mg CO2 kg soil mix h
-1
] over the incubation period. B= loamy soil 
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  Figure A. 5-5: N2O flux rates [µg N2O kg soil mix h
-1
] over the incubation period. A=sandy soil 
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Figure A. 5-6: N2O flux rates [µg N2O kg soil mix h
-1
] over the incubation period. B= loamy soil 
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 Figure A. 5-7: CH4 flux rates [µg CH4 kg soil mix h
-1
] over the incubation period. A=sandy soil 
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Figure A. 5-8: CH4 flux rates [µg CH4 kg soil mix h
-1
] over the incubation period. B= loamy soil 
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 Figure A. 5-9: Shares of the single GHGs in total CO2eq fluxes [g CO2 kg
-1
 soil mix] of the two soils. Latin letters and asterisks mark differences according 
to the single GHGs (one way ANOVA followed by Tukey HSD post-hoc tests, CI = 95%), Greek letters mark significant differences of the total cumulated 
CO2eq emissions. Note different scales. 
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  Figure A. 5-10: Non-linear regressions of the elemental composition and structural properties of the different carbon amendments 
with C initial/C remaining ratios. Sandy soil. 
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Figure A. 5-11: Non-linear regressions of the elemental composition and structural properties of the different carbon amendments with 
C initial/C remaining ratios. Loamy soil. 
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